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ABSTRACT 
Scrap tires have always been an environmental concern.  In 2005, more than 299 
million scrap tires were generated in the U.S., 259 million of which were utilized in the 
end-use scrap tire markets such as: tire-derived fuel generation, civil engineering 
applications, and ground rubber applications. The different applications and usages in the 
scrap tire market have helped utilize up to 87% of annually generated scrap tires in the 
U.S. Sixteen percent of the scrap tires were utilized in civil engineering applications in 
2005 because of their beneficial properties for vibration and sound control, lightweight 
fill, drainage and collection for underground leachate. The ability of scrap tire rubber to 
absorb and retain contaminants in landfill collection systems has been studied in the last 
two decades.  
This research study included an analysis of the sorption properties of crumb 
rubber derived from scrap tires. The study consisted of batch test analysis for 
ethylbenzene (EB) solution mixed with crumb rubber sizes of 1.4 mm, 850 μm, 425 μm, 
and 180 μm. High pressure liquid chromatography (HPLC) was used to measure the 
initial and equilibrium concentrations of EB in the study. The analysis tested for 
significant differences between the partitioning coefficients of the different crumb rubber 
sizes.  The results indicate that 850 μm crumb rubber had the highest partitioning 
coefficient. When equilibrium concentrations of EB were compared with the percent 
concentration of crumb rubber relative to EB on a mass basis, the particle size did not 
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show significant differences. The results helped to develop an isotherm model that was 
validated with crumb rubber mixtures of ambient 8-14 mesh (2.4 -1.4 mm), ambient 20-
30 (850-600μm), -30 mesh (600 μm), and cryogenic 30-40 mesh (600-425 μm). The 
results showed that the validation data showed good fit to the model, however, the 
predictability was better at higher crumb rubber to EB ratios. 
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CHAPTER 1  
INTRODUCTION 
Scrap tires are a ubiquitous hazardous waste; thus, disposing of them in stock 
piles is not an acceptable management practice anymore. Stockpiles pose many problems 
such as: self-combustion, enhanced epidemic point sources, and they are bulky and non-
esthetic. Tire fires not only threaten to spread fire and cause property damage, but also 
the fumes and oils released have been found to be extremely hazardous to the 
environment and persistent pollutants are introduced into soil, air and surface waters. As 
an example, the location of the 1983 stockpile fire in Rhinehart, VA is a Superfund site 
that is still under remediation (EPA, 2008b). Tire fires are extremely difficult to clean-up 
and could cost millions of dollars. Additionally, scrap tires can uphold habitats for 
vectors that carry infectious diseases. Therefore, end-use markets for scrap tires are 
desirable and are growing rapidly; helping reduce the percentage of unused annually 
discharged scrap tires down to 13%.  Of the 87% of the scrap tires utilized, 
approximately 16% are used in civil engineering applications because of their properties 
including their light weight, high permeability, ability to attenuate vibration, and thermal 
insulation capability.  
In the past two decades, studies have investigated the consequences of using 
ground rubber from scrap tires to attenuate contaminants from landfill leachate. Most 
  
 
 
2 
 
landfills report percolation of organic and metal compounds through the clay liners. It has 
been shown that scrap tires and tire chips can absorb organic contaminants from leachate 
(Kim et al., 1997, Edil et al., 2004, Aydilek, 2006, Oh et al., 2008). Such properties can 
help attenuate contaminated watersheds and ground water pollution from leaking 
underground storages. One family of contaminants that is consistently reported in 
leachate from community waste landfills is volatile organic compounds (VOCs), which 
have been shown to percolate through the clay liners in landfills. This study used 
ethylbenzene (EB), a VOC, as the contaminant to study the sorption properties of crumb 
rubber.  
Understanding the physical and chemical properties of crumb rubber from scrap 
tires can contribute to developing a way to implement crumb rubber as sorption medium 
for organic pollutants in aqueous solutions. Previous studies have shown that crumb 
rubber has a 31% carbon black content which enhances adsorption onto the surface area 
of ground tire rubber (Kershaw et al., 1997, Edil et al., 2004,). The present investigation 
addressed the methods to determine the capacity of crumb rubber to sorb EB (i.e., to 
determine its partitioning coefficient). The results of this study will contribute to a better 
understanding of how scrap tires could be a beneficial material to ameliorate 
contaminated sediments, ground water and surface water resources. 
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Objectives 
 The main objective of this investigation was to determine the partitioning 
properties of crumb rubber as a sorption medium for volatile organic compounds 
(VOCs), primarily ethylbenzene in aqueous solutions. The specific objectives were: 
 
1. Review existing literature on scrap tires and ground rubber as a sorbent medium 
for organic compounds in water.  
2. Develop sorption isotherms for various crumb rubber sizes for partitioning with 
ethylbenzene. 
3. Develop a predictive model for the sorption of ethylbenzene in aqueous solution 
by crumb rubber. 
4. Compare results from the (3) with partitioning data from a combination of 
different crumb rubber grinding processes, ethylbenzene concentrations, crumb 
mass rubber concentrations, and rubber particle size distributions. 
 
Scope of Research 
The objectives of this study were accomplished by the execution of the following 
tasks: 
1. Determine the partitioning coefficient of ambient shredded crumb rubber derived 
from passenger tires having sizes of 1.4 mm, 850 μm, 425 μm, and 180 μm and 
develop a sorption isotherm model at 20˚C for the relationship of sorption 
capacity and crumb rubber/ethylbenzene ratio. 
2. Determine EB desorption rate from the saturated crumb rubber when mixed with 
clean water (e.g., zero EB concentration is solution).  
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3. Conduct statistical analyses to determine the effect of the different variables in the 
study on the ability of crumb rubber to serve as a sorption media for EB in 
aqueous solution. 
4. Validate the model developed in (1). 
 
Organization of Thesis 
This thesis consists of five Chapters and Appendices.  Chapter One includes an 
introduction of the research including the objectives and scope of the research. The 
second Chapter presents a literature review of the results of previous studies that 
evaluated the use of the scrap tires in the form of: tire chips, tire shreds, and crumb 
rubber in different field applications; and sorption properties of crumb rubber for 
different chemical components in solution. Chapter Three describes the materials, 
equipment, and experimental procedures used to achieve the objectives of this study. The 
results, along with statistical analyses and discussion are presented in Chapter Four. 
Finally, Chapter Five provides a summary of the research, outlines the conclusions drawn 
from this study, and provides recommendations for appropriate applications and further 
research. 
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CHAPTER 2  
LITERATURE REVIEW 
In 1839, Charles Goodyear improved the properties of rubber by adding sulfur to 
raw rubber (i.e., sulfur vulcanization). Thus, its thermoplastic property changed to that of 
a thermoset that can be shaped only once (Liu et al., 1998). This property allows rubber 
to be used in automobile tires. In the last decades, the demand for the use of tires has 
reached exorbitant levels and has transformed them into the largest volume of 
thermosetting polymers in the waste stream (Moo-Young et al., 2003).  
The Scrap Tire Problem 
In 2005, approximately 299 million scrap tires were generated in the U.S. Of 
these approximately 259 million scrap tires or 87% of the total number of scrap tires 
generated were used in end-use markets (RMA, 2006). This is part of a steady increase in 
the scrap tire markets that have been effective in reducing tire stock piles (Figure 2.1). 
Among the major concerns of tire stockpiles are the environmental hazards such 
as catastrophic fires and insect breeding.  Fires derived from tire piles are highly 
polluting with extraneous recovery techniques and expensive clean up. Tire fires not only 
release hazardous pollutants to the air and water systems, but they are difficult to 
extinguish because of their void space (~75%). The Rhinehart tire-fire in Winchester, VA 
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in 1983 released toxic fumes and black smoke containing carbon black, volatile organics, 
semi-volatile organics, polycyclic aromatic hydrocarbons, oil, sulfur oxides, nitrogen 
oxides, carbon, lead, and other heavy metals (Liu et al., 1998). Therefore, as a 
consequence, air, water and soil were heavily contaminated with such noxious 
compounds. Fires from scrap tires cannot be extinguished using water, as it usually 
increases the production of pyrolitic oil; therefore, spills become a mode of contaminant 
transportation, which expands exposure off-site aggravating soils and ground water. The 
clean-up of tire fires can cost in excess of $3.3 million (mid-1980s fire in Everett, 
Washington) (Liu et al., 1998). 
 
Figure 2.1: Scrap tire generation, recycling and percent usage in the U.S. as of 2005 
(RMA, 2006). 
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Scrap Tire Usage 
The Rubber Manufacturers Association (RMA) is an organization that represents 
100 companies that manufacture rubber products. The RMA Scrap Tire Committee, 
managed by the RMA Environmental and Resource Recovery Department provide 
strategic goals to eliminate all scrap tire piles, manage annually-generated scrap tires, 
increase public awareness of scrap tire management, and advocate for legislation and 
environmental regulations related to scrap tires. Among the end-used scrap tire markets 
are: tire-derived fuels, civil engineering applications, ground rubber applications, export, 
agricultural, and landfill disposal (Figure 2.2) (RMA, 2006). 
 
 
Figure 2.2: Scrap tire end-used market (RMA, 2006) 
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Scrap Tires for Fuel 
Scrap tires are used as a supplement to traditional fuels such as coal or wood.  
Tires are used as a fuel mostly because they produce the same amount of energy as oil 
and 25% more energy than coal. The ash residues from tire-derived fuel (TDF) may also 
contain lower heavy metal content than some coals, which results in lower nitrogen oxide 
(NOx) emissions when compared to many U.S. coals, particularly high-sulfur coals. Some 
of the industries that use a total of approximately 130 million scrap tires for fuel per year 
include the cement industry (41%), pulp and paper industry (20%), electric utilities 
(18%), industrial/institutional boilers (13%), and dedicated tire-to-energy facilities (8%) 
(EPA, 2006a). 
There are some disadvantages of TDF, however. Tires need to be reduced in size 
to fit in most combustion units and TDF may require additional physical processing, such 
as de-wiring (EPA, 2006a). The main problem in using TDF in the paper industry is the 
need to use de-wired tires because the wires often clog the feed systems. Also, the mills 
sometimes sell the resulting ash to farmers who require the ash to be free of iron. De-
wired TDF can cost up to 50% more than regular TDF (EPA, 2006a).  
Crumb Rubber and Civil Engineering Applications 
In civil engineering applications, approximately 50 million scrap tires (640,000 
tons) were used in 2005. Some of the leading applications in this market are: lightweight 
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fill, drainage layers for landfills, and aggregates for septic tank leach fields (RMA, 2006). 
These applications require the scrap tires to be processed as tire-derived aggregate (TDA) 
with sizes ranging between 2 to 12 inches. Some of the benefits of using TDA include the 
fact that they are light-weight, have high permeability, attenuate vibrations and provide 
good thermal insulation (RMA, 2006). Because the markets for TDF have increased in 
the Southeastern and Atlantic areas of the US from 2003 to 2005, TDF has reduced the 
production of TDA annually. The main reason for this change is that the return on 
investment for high-quality TDF is greater than that for TDA; therefore, it is more 
lucrative to direct scrap tire usage toward TDF rather than TDA applications (RMA, 
2006). This decrease is also attributed to the recent complaints that TDA has caused 
clogging in drainage layers. Thus the market has reduced its demand in both the Atlantic 
Coast and Southeastern region (RMA, 2006). 
Contaminated Sediments 
Contaminated aquatic sediments may contain chemical substances in excess of 
appropriate geochemical, toxicological, or sediment quality criteria or measures; or are 
otherwise considered by the Administrator [of EPA] to pose a threat to human health or 
the environment (EPA, 2004). The Clean Water Act (CWA), the Marine Protection, 
Research, and Sanctuaries Act (MPRSA or Ocean Dumping Act), and the 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA), 
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authorize programs that address contaminated sediments. Approximately, 5-10% of 
material dredged each year is not suitable for open water disposal due to contamination. 
It is estimated that 300 sites (20%) on the superfund national priority list (NPL) 
have problems with contaminated sediments. During the mid-1990s, as part the of EPA‘s 
Environmental Monitoring and Assessment Program (EMAP), sediment samples were 
collected to assess toxicity on a regional scale in streams and rivers in the Mid-Atlantic 
U.S. and in the Colorado Rocky Mountains. Most common consumption advisories or 
fishing bans are due to: mercury, PCBs (polychlorinated biphenyl), chlordane, dioxins, 
and DDT (p,p dichlorodiphenyltrichloroethane) and its metabolites (DDD [p,p 
dichlorodiphenyldichloroethane] and DDE [p,p dichlorodiphenyldichloroethylene]). The 
EPA‘s 2002 National Listing of Fish and Wildlife Advisories database (NLFWA) found 
that approximately 544,000 river-miles, 71% of the Nation‘s coastal waters, and more 
than 95,000 lakes, including 100% of the Great Lakes are polluted (NRC, 2003). 
Under the Clean Water Act (CWA sec 303d), the EPA addresses contaminated 
sediments by developing Total Maximum Daily Loads (TMDLs). TMDLs specify the 
loading capacity of waters that do not meet water quality standards. Bulk sediment 
chemistry measures are not always indicative of toxic effect levels. Toxicity is influenced 
by the extent to which chemical contaminants bind to other constituents in sediment, such 
as organic ligands and inorganic oxides and sulfides, which control the bioavailability of 
accumulated contaminants. Therefore, it is important to determine the chemical 
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interaction of contaminants in sediments to establish guidelines to protect the 
environment. Many studies show that even the TMDL for organic pollutants are harmful 
to aquatic life, and bioavailability of contaminants depends on the sorption of organic 
compounds in sediments that are later released in the biological tracts causing 
toxicological effects in aquatic species (Mermillod-Blondin et al., 2004; NRC, 2003; 
Hamelink et al., 1994). 
Crumb Rubber as a Sorption Medium 
Studies have found that the components of tire chips that absorb organic 
compounds are mainly polymeric materials and partially other materials in tire rubber 
such as carbon black (Kim et al., 2004). Tires have several additives, including organic 
polymers such as ozone scavengers (paraphenylenediamines or p-phenylenediamines), 
oil-based plasticizers, and paints and pigments (e.g., zinc oxide, titanium oxide). 
Additionally, trace amounts of metals such as copper and zinc are found in steel-belted 
tires. During the rubber curing process in tire manufacturing, benzothiazoles develop 
from antioxidant degradation substances. Still, little is known about the quantity of tire 
leachate or the identification of toxic constituents released into the aquatic environment 
from the weathering of tires (Hartwell et al., 2000). 
One of the major components of tires is styrene butadiene rubber (SBR). Non-
polar organic compounds such as benzene (BZ), toluene (TOL), trichloroethylene (TCE), 
and tetrachloroethylene have an affinity to bind with non-polar materials such as SBR. 
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The results presented by Park et al. (1996) showed that scrap tires are beneficial as a 
sorptive medium. They determined that tire chips have 1.4-5.6% the sorptive capacity of 
activated-carbon on a volume basis. Moreover, Edil et al. (2004) found that the 
desorption properties were low since only 3.5-7.9% of the organic compounds sorbed 
were desorbed. 
From the laboratory tests that have been done, it is recommended that for a 30-
year landfill, the tire layer thicknesses required for 90% removal of BZ, TCE, m-xylene, 
and pentachlorophenol are approximately 0.5, 0.28, 0.15, 0.01 m, respectively. Polar 
organic compounds (methylene chloride and chloroform) that usually require more tire 
chips are also more biodegradable in landfills.  In general, landfills should have a tire-
chip layer thickness of 0.3-0.45 m. The rate of organic compound absorption is a function 
of the diffusion coefficient and not surface area (Edil et al, 2004).  They found that the 
partition coefficient of BETX compounds in crumb rubber particles are 300-800 L/kg 
(Kim et al., 1997, Edil et al., 2004). 
Groundwater Quality and Scrap Tire Leachate Studies 
In the U.S. in 1970, approximately 80% of the water supply came from surface 
water and less than 20% came from ground water. However, in recent years the 
distribution has shifted to a 50/50 ratio (LaGrega et al., 2001). The main objective of a 
study conducted by Humphrey and Katz was to investigate the effects of tire-shred fills, 
placed above the groundwater table, on water quality (2001). They collected water in 
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three 3-m
2
 geomembrane-lined basins located beneath the shoulder of the road. Some of 
the basins were overlain by 0.61m of tire shreds with a 75 mm maximum size topped by 
0.72-1.37 m of granular soil. They analyzed the water for the following substances 
according to the primary drinking standards: barium (Ba), cadmium (Cd), chromium (Cr), 
lead (Pb), and selenium (Se). Also, for secondary standards, aluminum (Al), zinc (Zn), 
iron (Fe), manganese (Mn), chloride (Cl
-
), and sulfate (SO4
2-
) were monitored to see if 
the use of tire shreds increased the level of those substances in ground water (Humphrey 
and Katz, 2001). 
The BOD5 tests showed low and varied concentrations between 0.5 and 3.0 mg/L. 
Because Al, Fe, Mg, and Zn are naturally present in soils, and since evidence showed that 
tire-shred leachate did not increase the concentration of Al or Zn already present in soil 
sediments, it was suggested that scrap tire rubber can slightly reduce higher 
concentrations. Also, Pb concentrations were low, suggesting that Pb was not leached 
from tire shreds. This was unusual because the steel belts in tires are often zinc coated 
and zinc oxides are present in rubber. Although, Al and Zn levels did not represent a 
threat in leachate from tire rubber, Fe concentrations were increased and exceeded the 
levels of the secondary regulatory allowable limit (RAL) (Humphrey and Katz, 2001). In 
addition to high concentrations of Fe, the level of manganese surpassed the allowable 
limits for the secondary drinking water standard. According to these studies, tire shreds 
should be placed above the water table under neutral pH conditions. Thus, tire shreds 
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could be used as lightweight embankment fill, retaining wall backfill insulation to limit 
frost penetration, and backfill for edge drains on a wide range of highway projects 
(Humphrey and Katz, 2001). 
Landfill Applications 
Field evaluations of  leachate collection systems constructed with scrap tires 
showed that they provide adequate drainage conditions (Kershaw et al., 1997; Kim et al., 
1997; Aydilek, et al., 2006), insignificant quantities of carbon monoxide, and with a lack 
of oxygen and low temperatures showed no combustion hazard (Aydilek, et al., 2006). 
Therefore, scrap tires can be safely used in landfill leachate collection layers (Edil et al. 
1992, Reddy and Saichek, 1998a, Warith et al. 2004; Aydilek et al., 2006). Even at high 
compressive stresses, tire chips possess a hydraulic conductivity of greater than 1x10
-5
 
m/s, a value generally recommended for the design of landfill leachate collection systems 
(Aydilek et al., 2006). 
Based on drainage analyses of leachate collection layers, scrap tire chips have not 
shown significant differences when compared with gravel. Temperature within the tire-
chip layer must be maintained below 204ºC, the approximate threshold temperature for 
combustion of tire chips (Aydilek et al., 2006). Relatively high pH (i.e., pH > 7) indicates 
that the waste is in an aerobic state of decomposition, which can be corroborated by the 
low methane and carbon dioxide concentrations, and relative high oxygen concentrations 
(Aydilek et al., 2006). In general, the pH in leachate of both alkaline and acidic 
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conditions did not indicate that it was contributed by the use of tire chips. The electrical 
conductivity of the leachate produced from tire-chip layers is lower than that of the 
leachate from gravel. Moreover, silver (Ag), mercury (Hg), cadmium (Cd), and some of 
the VOCs tested were not detected in leachate collected from tire-chip layers. The only 
inorganic metals that were detected that leached from tire-chips were iron (Fe) and 
manganese (Mn). Possible chromium (Cr) leaching from tire chips was also reported in 
several studies (Humphrey and Katz 1995; Park et al. 2003; RMA, 2006). The levels 
detected were lower than USEPA maximum concentration loads (MCLs) or water quality 
criteria (WQC) (EPA, 2008). Lower concentrations of 4-methly-2-pentanone (MIBK), 
and cis 1, 2-dichloroethene, were detected due to the usage of tire chips; thus, 
groundwater contamination from this contaminant is likely to decrease with tire chip 
placement. 
 Humphrey and Katz reported elevated concentrations of acetone and MIBK from 
the tire chips placed below the water table (2001); however, the concentrations decreased 
with time and were not considered a major health concern. Such results correlated with 
large-scale laboratory tests conducted by Park et al. (1996). Both field studies conducted 
by the Minnesota Pollution Control Agency (1990) and Humphrey and Katz (1995) 
determined that groundwater or surface water were not contaminated by tire chip 
placement. Moreover, Park et al. (2003) and Edil et al. (2004) sustain that tire chips do 
not present a threat to groundwater when used as a landfill-leachate-collection layer; 
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however, areas near drinking water sources may not be suitable for tire chip placement 
(Aydilek et al., 2006).  
Volatile Organic Compounds (VOCs) Leachate Studies 
One of the most frequently identified contaminants in soil and groundwater 
samples of hazardous waste sites and landfills is volatile organic compounds (VOCs). 
Among VOCs, aromatic hydrocarbons such as benzene, toluene, ethylbenzene, and 
xylenes (BTEX) are the most water-soluble components of fuel (EPA 2008). BTEX has 
also been reported in landfill leachate (Table 2.1).  
Kershaw et al. suggest that the utilization efficiency of a sorption media is 
determined by dividing the amount of contaminant the sorbent had sorbed before 
breakthrough in a packed-bed column test by the amount of contaminant sorbed during a 
batch test when the equilibrium concentration in the batch test equals the influent 
concentration of the column test (1997). From their results, activated carbon has 
approximately 45-55% of its equilibrium capacity at breakthrough when the media has 
been in contact for 15 minutes with the contaminated water. The longer the contact time 
with the media and the fluid, the more liable the contaminant mass is to be removed. 
Once the concentration of a solute does not change more than 5% in a 24-hour interval, 
equilibrium is reached according to the EPA specification. For this research, the mean 
particle size of the ground rubber was 425 μm and the average specific gravity was 1.2 
(ASTM D 84) (Kershaw et al., 1997).  
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Table 2.1: Organic compounds reported with a higher concentration in landfill leachate 
(EPA, 1981) 
Organic Compound Concentration Number of Landfills reported 
1,1-Dichloroethylene 28-19,850 µg/L 5 
Methylene chloride < 0.3 – 184 mg/L 3 
Ethylbenzene 3.0 – 10,115 µg/L 4 
TOC* 10.9 – 8,700 mg/L 8 
Toluene < 5 – 100,000 µg/L 7 
*TOC: Total organic carbon dissolved in solution. 
 
A batch test method was conducted using 300 mL biological oxygen demand 
(BOD) bottles with glass stoppers. BTEX compounds are usually hydrophobic, thus glass 
should be used to run the test. Once equilibrium was achieved, the samples were stored in 
40 mL sample vials with Teflon-lined septum screw-on lids and sealed immediately with 
no head space. The storage temperature was 4°C and the samples were analyzed within 
24 hours. Chemical analysis of benzene was performed using a HP 5880A gas 
chromatograph (Kershaw et al., 1997). After using the linear isotherm (qbatch = kdCe), 
Freundlich isotherm (qbatch = kdCe
 (1/n)
), and the Langmuir isotherm models (qbatch =klMCe 
/ (1+ kdCe)), it was concluded that the Freundlich adsorption isotherm was best suited to 
describe the WRF-40 ground tire rubber sorption data when exposed to O-Xylene (qbatch 
(o-xylene) = 0.645Ceq
1.07
) (Kershaw et al, 1997). 
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Previous studies showed that tire rubber sorbs a much larger amount of o-xylene 
(8.16 mg/g at 10mg/L) than benzene (1.18mg/g at 10mg/L) at the same concentration, 
even though the o-xylene has a larger molecular weight than benzene. The o-xylene does, 
however, have a lower solubility in water than benzene. O-xylene concentrates on the 
surface of the sorbent more readily than benzene, thus it partitions more readily to 
polymeric material creating a greater concentration gradient (Kershaw et al., 1997). 
Bioavailability tests were conducted by Hartwell et al. (2000). Their results 
showed that marine organisms were affected more by the salinity/toxicant interaction 
than the leachability effect of ground rubber. Their main research objective was to 
measure leachate at high salinity levels to determine the effect of sea salt on toxicity 
compared with the effects of leachability/solubility of toxicants using Microtox bacterial 
luminescence bioassays at a gradient of salinities from 0 to 25 ppt (Hartwell et al, 2000). 
Previous research with sheephead minnows and grass shrimp found that the 96- 
hour lethal concentration for 50 % of the population (96h LC50) of grass shrimp at 5 ppt 
salinity was 26% and 63% of leachate, respectively. At higher salinity concentrations, 
fifty percent mortality (LC50) was not observed. Mortality rates decreased with increasing 
salinity for both species. However, it is uncertain yet if the bioassay results were due to 
increased leachability/solubility of toxicants at low salinities, a direct interaction of salt 
and the toxicants in solution, increased susceptibility of test organisms at low salinity or 
some combination of these factors. The degree of toxicity is primarily due to a 
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salt/toxicant interaction, as opposed to a leachability effect. The highest toxic levels were 
reported at 0 ppt salinity. The interaction of contaminants with salinity in solution helped 
to counteract the toxic effect in these organisms. Thus leachate would be better resisted 
by marine organism than freshwater organism. (Hartwell et al., 200)). 
Batch Test Studies for Crumb Rubber as Sorption Medium for Organic Pollutants 
 Several studies showed how crumb rubber is a good medium for sorption of 
different chemical compounds. Among of the first studies done, crumb rubber was tested 
for sorption of mercury (III) (Hg) (Knocke and Hemphill, 1981) and other heavy metals 
(Rowley et al., 1984). According to their results, crumb rubber can absorb heavy metals 
by displacing Zinc (II) ions. This study showed that crumb rubber having sizes of 2.4 to 
3.3 mm can absorb 3.10 µmol/g of Cd (II), 1.3 µmol/g of Pb, and 1.98 µm/g of Hg in low 
pH solutions (pH< 2) (Rowley et al, 1984). Knocke and Hemphill found that crumb 
rubber has maximum absorption of Hg at higher temperatures. At 55
o
C, 4 mg Hg per 
gram of rubber were absorbed for crumb rubber sizes ranging from 0.66 to 0.12 mm 
(1981). 
 Other studies that have used batch test analysis for sorption rate of crumb rubber 
showed that organic compounds absorbed by crumb rubber particles.  Kershaw et al. 
studies the sorption capacity of crumb rubber size of 425µm for o-xylene (O-XYL) and 
benzene in solution (1997). Their results showed 8.2 and 1.3 mg of o-xylene and 
benzene, respectively, per gram of crumb rubber at an equilibrium solution concentration 
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of 10 mg/L. Edil et al. have done extensive studies with benzene, ethylene, toluene, and 
xylene (BETX) compounds and their results showed that for crumb rubber having a mean 
average particle size of 2.2 mm had partitioning coefficients of 978.8 L/kg, 294 L/kg, and 
1,046 L/kg for EB, TOL, and m-XYL, respectively (Edil et al., 2004). Their study also 
compared the sorption rate of three different particles sizes (1.68 mm, 2.18 mm, and 2.6 
mm) and the results showed that those particles sizes did not have significant differences 
in sorption rate (Edil et al., 2004) 
High-Pressure Liquid Chromatography Quantitative Analysis 
Recent studies have attempted to develop recovery and/or methods for analyses of 
organic contaminants in a water column (e.g., halogenated organic solvents). Generally, 
the concentration of organic pollutants from aqueous media is necessary because of the 
low solubility of such compounds in an aqueous phase. Several studies have shown the 
feasibility of reversed-phase liquid chromatography (RPLC) as a solid-phase extraction in 
pretreatments (Hosoya et al., 1995). In recent decades, HPLC has become an extremely 
efficient analytical method of choice for separation, purification, and detection. The 
HPLC has been used in areas such as: pharmaceuticals, biotechnology, and 
environmental monitoring (Katz et al., 1998).  
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CHAPTER 3  
MATERIALS, EQUIPMENT, AND EXPERIMENTAL PROCEDURES 
This Chapter provides the description of materials utilized in the analytical 
chemical analysis and the procedures to calculate the equilibrium concentration of EB in 
solution and in the solid phase (i.e., partitioning to the crumb rubber particles). The 
experimental matrix consisted of two phases. In the first phase, batch tests were 
performed for four different sizes of crumb rubber (12-14 mesh, 16-20 mesh, 30-40 
mesh, and 60-80 mesh) at a target EB concentration ranging from 60–80 mg/L to 
determine the sorption of EB onto crumb rubber. The result of this phase led to the 
development of a sorption isotherm for crumb rubber and EB. Following the sorption 
batch test, desorption tests were conducted for each set to measure the amount of EB that 
was released from the crumb rubber when soaked in clean water. In the second phase, the 
sorption isotherm developed in the first phase was validated. This validation included 
testing the partitioning of different crumb rubber sizes, processing methods, crumb 
rubber ratios, and EB concentrations. 
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Materials 
Crumb Rubber 
The crumb rubber used in this analysis was supplied by New York Rubber 
Recycling, LLC. The ground tire particles came in two sizes, 8-14 mesh (2.36 mm – 1.4 
mm) and -30 mesh (no more than 10% by mass larger than 600µm). The crumb rubber 
was produced from whole passenger car tires by ambient shredding with approximately 
95% fabric and 99% steel removed. For both sizes, a sieve analysis was performed in 
accordance to ASTM D 5644 to determine the size distribution (Figure 3.1 and Table 3.1) 
(ASTM, 2001). These two crumb rubber size distributions were used in this study to 
provide a wide range of crumb rubber sizes for the batch test analysis.  
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Figure 3.1: Particle size distribution and percent passing of recycled vulcanized rubber 8-
14 mesh and -30 mesh 
 
  
For the purpose of this study, each individual size was separated using a sieving 
procedure and the material retained on a specific sieve fraction (i.e., 12-14 mesh [1.4 
mm], 16-20 mesh [850 µm], 30-40 mesh [425 µm], and 60-80 mesh [180 µm]) was used 
for the batch tests. Each fraction provided a reasonable range to test the significant 
variability in the partitioning coefficient with different crumb rubber sizes. 
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Table 3.1: Crumb rubber particle size distributions 
Sieve Size 
Average% passing 
8-14 mesh 
Average % passing 
-30 mesh 
8 mesh (2.36mm) 99.9 - 
10 mesh (2.00mm) 99.5 - 
12 mesh (1.7mm) 81.7 - 
14 mesh (1.4mm) 39.3 - 
16 mesh (1.18mm) 11.9 - 
20 mesh (850 µm) 0.6 99.9 
30 mesh (600 µm) 0.5 90.8 
40 mesh (425 µm) - 52.4 
50 mesh (300 µm) - 26.0 
80 mesh (180 µm) - 5.8 
100 mesh (150 µm) - 3.4 
Ethylbenzene 
 Ethylbenzene has been reported in landfill leachate (Table 2.1), and in 
groundwater as a result of leaching from underground storage tanks and surface spills 
(Nikolova and Nenov, 2005). In recent studies, EB has been reported to have the highest 
partitioning coefficient when mixed with crumb rubber in solution (Oh et al., 2008). 
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Therefore, EB was the target VOC selected for the series of batch tests. Its low solubility 
in water and high octanol-water partitioning coefficient among BETX allow EB to be a 
more desirable compound for testing and analysis (Oh et al., 2008; LaGrega et al., 2001). 
Contaminated soils, sediments, surface water and groundwater are important media for 
these organic compounds. BTEX compounds have been the main objective of many 
studies because of their toxicity levels and carcinogenic potential (EPA 1999, Rosell et 
al., 2006). Thus, understanding the transport and fate of ethylbenzene through these 
different media will help reduce health and environmental risk from EB contamination. 
The chemical and physical properties of EB are listed in the Table 3.2.  
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Table 3.2: Ethylbenzene chemical and physical properties (EPA 1981) 
Ethylbenzene properties Respective units 
Molecular formula C8H10 
Molecular weight 106.18 g/mol 
Water solubility  1.52 x10
2
 mg/L 20˚C 
Vapor pressure 7.00 mmHg 20˚C 
Diffusion coefficient in air 0.0707 cm
2
/s 
Henry‘s constant, H* -4.99x103 (atm.m3)/mol  1.19x10 T(K) 
Organic carbon partition coefficient, koc 1.10 mg/L 
Log octanol water coefficient, Log kow 3.15 
Freundlich parameters (pH, K, 1/n) 7.3, 53 mg/L, 0.79 
Specific gravity 0.867 
   
Methods 
Partitioning and Diffusion Coefficient 
 Organic materials tend to be adsorbed onto non-polar surfaces. Sorption is the 
mechanism by which molecules attach to the surface of another compound. Sorption 
implies both adsorption and absorption (diffusion). Adsorption is the process in which a 
monolayer substance attaches to another substance. Absorption is the process where one 
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substance penetrates another substance by several nanometers, thus adsorption has to 
happen before a solute can be absorbed (Kershaw et al., 1997). Compounds such as 
BETX are repelled by the slightly polar water molecules; therefore, they will be pushed 
away to any surface other than water molecules. Adsorption depends on the compound to 
be sorbed and the surface of the sorbent (Kim et al., 1997).  
Partitioning coefficients are empirically derived constants that describe how a 
chemical distributes itself between two phases. The partitioning coefficient is expressed 
as a concentration ratio assuming that simple sorption is the only interaction between the 
two phases (Kim et al., 1997). In this case the two phases are the liquid (i.e., water) and 
solid phase (i.e., crumb rubber).  Understanding and quantifying the partitioning 
coefficient of organic compounds can help determine the fate of pollutants in the 
environment (LaGrega et al., 2001).  
The partitioning coefficient, dk , is the slope of the relationship between the 
equilibrium contaminant concentration in the liquid phase (Ce) and the equilibrium 
contaminant concentration in the solid phase (q) and is defined as 
e
d
C
q
k                                                [3.1]                                                 
The greater the kd (Equation 3.1), the more likely organic compounds are to 
adsorb to a non-polar particle surface with greater organic carbon content (LaGrega et al., 
2001). The contaminant concentration in the solid phase, q, is written as 
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 
r
sei
M
VCC
q

                                                    [3.2]                                      
Where, 
q = Equilibrium concentration of contaminant in the rubber (mg/kg) 
Ci = Initial concentration of contaminant in the solution (mg/L) 
Ce = Equilibrium concentration of contaminant in the solution (mg/L) 
Vs = Volume of solution (L) 
Mr = Mass of crumb rubber (kg) 
 
In Equation 3.1, the difference in the numerator represents the concentration lost 
from the solution into the solid particles.  The partitioning coefficient is determined using 
the batch test.        
  Batch Test 
The sorption capacity of crumb rubber was tested using ASTM D5385—Standard 
Test Method for 24-hour Batch-Type Measurement of Volatile Organic Sorption by Soil 
and Sediments (ASTM, 2003). The batch test consisted of mixing a solute of a known 
concentration of EB with water and crumb rubber. The solution was tumbled until both 
the liquid and the solid medium reached chemical equilibrium (i.e., EB concentration on 
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both solid and liquid medium remained constant, but not necessarily equal). The rate of 
sorption depends on the chemical properties and the physical dimensions of both the solid 
medium and the solvent molecules (Kershaw et al., 1997). The equilibrium concentration 
was determined using chromatographic methods. For this study the equilibrium 
concentration was measured using a HPLC-RP with a PDA detector (more information is 
provided later in this chapter).  
Test Matrix Phase One 
The test matrix for Phase One of this study is presented in Table 3.3. Phase One 
of the analysis consisted of testing six crumb rubber to ethylbenzene (CR/EB) ratios of 
50, 100, 200, 300, 500, and 700. For each CR/EB there were four different crumb rubber 
sizes tested (12-14 mesh, 16-20 mesh, 30-40 mesh, and 60-80 mesh). Each batch test for 
the sorption analysis was followed by a desorption test. Thus, after the crumb rubber 
particles were saturated with EB, they were tested with pure water to measure the 
desorption rate. 
For each batch test solution, the target initial EB concentration was 60–80 mg/L. 
Each bottle was sampled and the HPLC was used to measure the initial concentration 
(Ci). The EB concentrations were recorded and used in the calculation of the equilibrium 
EB concentration in the crumb rubber, q (Equation 3.1). Each size of crumb rubber was 
measured according to the CR/EB ratio and mixed with the initial solution of EB then 
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tumbled for several hours to reach equilibrium. Each run consisted of testing for the 6 
CR/EB ratios. Each data set consisted of 5 repetitions for each run. Thus, a total of 30 
data points were obtained for each crumb rubber particle size. 
Table 3.3: Phase One chart for all the crumb rubber sizes 
CR, g 
12-14 mesh 16-20 mesh 30-40 mesh 60-80 mesh 
Actual 
CR/EB 
Ci 
(mg/L) 
Actual 
CR/EB 
Ci 
(mg/L) 
Actual 
CR/EB 
Ci 
(mg/L) 
Actual 
CR/EB 
Ci 
(mg/L) 
0.5 66 66.3 71 69.3 63 68.9 65 65.9 
1.0 128 66.3 135 69.3 123 68.9 127 65.9 
2.0 250 66.3 268 69.3 264 68.9 249 65.9 
3.0 371 66.3 393 69.3 358 68.9 368 65.9 
5.0 615 66.3 648 69.3 595 68.9 616 65.9 
7.0 860 66.3 904 69.3 832 68.9 860 65.9 
 
Sample Preparation 
The first step in the batch test was to prepare the sample solution of EB and water. 
The solute was prepared in a 1 liter amber glass bottle with a Teflon-lined septum screw-
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on lid to minimize volatilization. The samples were prepared with 990 mL of tap water 
which had a pH of approximately 7.2 for the analysis and testing period. The appropriate 
amount of reagent-grade EB was extracted from its original container with a 100 µL 
syringe and injected into the 1-liter bottle containing the tap water. 
The cap was then placed on the bottle and the solution was manually shaken for 
one minute. Immediately after shaking, two 2- mL vials were filled with the solution and 
analyzed in the HPLC to determine the initial concentration of EB in the test solution 
prior to mixing with the crumb rubber sorbent. The solution was sampled through the 
septum using a 5-mL glass syringe. The syringe needle was then replaced with a 0.22 µm 
nylon syringe filter. The hydrophilic syringe filter was utilized to prevent small particles 
from contaminating the analytical column in the HPLC. To maintain consistency 
throughout the study, each 2-mL vial tested throughout the study was filled using a 
syringe filter. After each sample was extracted and delivered to each vial, the syringe was 
rinsed with 100% methanol. The pH of each solution was also measured at the conclusion 
of testing. 
Sorption Test 
The batch test specimens were prepared in 125-mL amber glass bottles with 
Teflon-lined septum screw-on lids. The mass of each container and lid combination were 
recorded prior to the addition of the appropriate mass of crumb rubber. The containers 
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were filled completely full with the EB solution so that no air was present in the sealed 
bottle. This was done to minimize volatilization. A 1-liter amber glass bottle of solution 
was used to fill up to six 125-mL bottles for each experimental run. For the finer rubber 
(180 µm), the rubber was first soaked in the initial solution for less than 10 seconds. The 
bottle was later filled to the top to eliminate any air bubbles that the crumb rubber might 
have had. 
 There were no blank samples run with each test because in previous analysis 
volatilization was negligible with the batch procedure used. The results of the preliminary 
analysis are described in Figure 3.2 where a mean concentration of EB of 84.4 mg/L was 
tested. Blank samples were prepared so that they were tested every hour for 6 hours. The 
concentration of each blank was measured using the HPLC in the same manner as the 
samples containing crumb rubber. Each concentration remained reasonably constant 
around the mean of the initial concentration. There was no significant difference between 
the initial concentration and blanks that were tested after 6 hours of rotating in the 
tumbler. Therefore, this investigation considered the volatilization of EB from the 
solution to be negligible during the test.  
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Figure 3.2: Blank sample for mean initial EB concentration of 84.4 mg/L.  
  
Each experimental run consisted of tumbling the samples in a custom-built 
tumbler (Figure 3.3) for 3 hours to reach equilibrium. The tumbler had a capacity of 
twelve 125-mL bottles. For sorption to reach equilibrium, the samples were shaken for 3 
hours at a speed of 29 rpm. Preliminary studies revealed that equilibrium was reached 
after tumbling for one hour; however, a 3-hour tumbling time was adopted to ensure that 
equilibrium was attained for each trial. Figure 3.4 shows the results preliminary testing to 
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determine tumbling duration for this study.  Multiple CR/EB ratios (i.e., different 
concentrations of crumb rubber and EB) were tested and the results indicate that there 
were no major differences in concentration after the first hour. The equilibrium 
concentration remained consistent after the first hour up to six hours, which showed 
agreement with the results in Figure 3.2. Most of the research work done in the past had 
considered that equilibrium is reached after 72 hours (Oh et al., 2008, Edil et al., 2004, 
Kim et al., 1997). However, volatilization and biodegradation had to be quantified in that 
procedure. This analysis did not encounter either of those limitations; thus, volatilization 
and biodegradation were negligible. Later tests performed during the course of this study 
revealed no significant difference in EB concentrations between 3 and 24 hours.  
 
 
Figure 3.3: Tumbler with a capacity of twelve 125-mL amber glass bottles attached to a 
motor that rotates at 29 rpm 
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Figure 3.4: Ethylbenzene equilibrium concentrations normalized with respect to the 
initial EB concentration for each CR/EB ratio tested with respect to time.  
 
 
After equilibrium was reached, 4 mL of solution from each bottle was extracted to 
fill two 2-ml vials for testing in the HPLC. Each sample was extracted with a 5-mL glass 
syringe, and filtered through a nylon hydrophilic filter in the same manner as the two 2-
mL vials used for the initial concentration of the solute. These vials were then tested 
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directly in the HPLC. For specific loading and start procedures of the HPLC, see the 
HPLC section in the following paragraph. Figure 3.5 shows the both type of syringes 
used for sampling (i.e., 100 µL and 5 mL), the nylon-hydrophilic filter, and the 125-mL 
amber glass bottles with Teflon-lined septum screw-on lids, and a 2-mL glass vial for 
sample testing in the HPLC. 
 
 
Figure 3.5: A) 100 µL and 5-mL glass syringe; B) Nylon-base hydrophilic filter and 2-
mL vial; C) 5-mL glass syringe with filter; D) 125-mL amber bottle with Teflon-
lined septum screw-on lid and the 5-mL glass syringe 
 
A 
D C  
B  
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CR/EB is the amount of crumb rubber in solution compared with the initial EB 
concentration of the solution (Ci). The initial concentration of EB was determined from 
the HPLC analysis and the CR mass was recorded for each sample bottle before pouring 
it into the solution. The ratio can be written as 
]/[
]/[
LmgionconcentratEBinitial
Lmgrubbercrumbofmass
EB
CR
                                   [3.3] 
Desorption Test 
After the pH measurements were completed, the bottles were prepared for the 
desorption test. The desorption test consisted of dewatering each 125-mL bottle using a 
porous filter flask connected to a vacuum pump. The sample was poured into a glass 
funnel to capture all of the crumb rubber particles (Figure 3.6). The crumb rubber 
particles that remained in the bottle were rinsed out with clean water from a squirt bottle. 
After the entire sample was in the glass funnel, the vacuum pump was turned on and the 
samples were dewatered through a 0.45-µm membrane filter until the water stopped 
dripping. Another 125-mL amber glass bottle was prepared and labeled to collect the 
filtered crumb rubber. The clamp and the funnel were removed and the membrane filter 
was scraped with a spatula to collect the crumb rubber in a clean bottle. For each sample, 
a different filter was utilized. After all the crumb rubber was placed into the new bottle, it 
was filled with water so as to avoid any head space. The six samples for each set were 
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then run in the tumbler for 18 hours to allow them to reach equilibrium. The 18-hour 
duration was selected to allow enough time for the samples to reach equilibrium. 
  
 
Figure 3.6: Desorption glass base, funnel, collection flask 
Phase Two 
Phase two of this study consisted of testing for validation of the models developed 
using the data collected in Phase One. The crumb rubber sizes included 8-14 mesh 
(Figure 3.1 and Table 3.1), 20-30 mesh, and -30 mesh (Figure 3.1 and Table 3.1) for the 
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ambient crumb rubber; and 30-40 mesh for the cryogenic crumb rubber. Each size had 
different CR/EB ratios and initial EB concentrations (Table 3.4). 
 
Table 3.4: The validation test matrix the EB concentrations and the mass of crumb rubber 
for each size 
CR Size CR/EB Ci, mg/L CR, g 
Ambi 20-30 489 18.5 1.12 
Cryo 30-40 399 82.6 0.52 
Ambi 20-30 157 63.5 2.71 
Ambi -30 42 126.0 1.26 
Ambi -30 171 26.1 0.66 
Cryo 30-40 73 46.4 4.00 
Ambi 8-14 81 92.8 0.81 
Ambi = ambient shredded CR; Cryo = cryogenic ground CR 
 
High-Performance Liquid Chromatography Reverse Phase (HPLC-RP)   
The high-pressure liquid chromatography (HPLC) unit used was the Waters 2695 
EX Separations Module equipped with a Waters 2996 Photodiode Array (PDA) detector 
and C18 analytical column (Figure 3.7). The separations module has five carousels with a 
total capacity of 120 vials (Figure 3.8). The EX model does not use a helium sparge for 
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solvent conditioning; instead it uses a four-channel inline vacuum degasser. The 
temperature of the column was controlled (25 ± 1˚C) with a column and sample heater.  
 
Figure 3.7: Waters 2695 HPLC-RP with the 2996 PDA detector on top  
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Figure 3.8: HPLC carrousel compartment showing sample vials to be tested 
 
Dialysis is the process in which molecules diffuse across a semi-permeable 
membrane that has a pore size large enough to pass certain small molecules but not larger 
molecules. Fluid exiting the probe (i.e., analyte or dialysate) can be analyzed by liquid 
chromatography. The mechanism behind separation in the HPLC is a process consisting 
of different distributions of the analytes (i.e., EB) between two phases: the mobile and the 
stationary phase. The mobile phase is the liquid phase that transports the analytes; the 
stationary phase (i.e., C18 column) exerts attraction forces to cause the analyte to migrate 
at different speeds through the chromatographic bed, giving rise to the different retention 
times for each component or analyte in the solution (Katz et al., 1998). In this study, only 
EB was tested as an analyte.  
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The different molecular sizes in the packed non-polar C18 column help separate 
the particle sizes, thus distinguishing what components are present according to the 
elution time. A normal reading from the PDA after running water through the 
chromatographic bed, in this case the stationary phase (i.e., C18 column), is shown in 
Figure 3.9. From the analysis and empirical results, EB was eluted at approximately 3.78 
minutes (Figure 3.10) at a constant pressure of 1736 psi with a mobile phase composition 
of 75% methanol (MeOH) and 25% water at 25˚C.  
The 2996 Detector is an ultraviolet/visible light (UV/Vis) spectrophotometer with 
512 photodiodes having an optical resolution of 1.2 nm per diode and an operating 
wavelength range from 190-800 nm. For this study, the designated wavelength for the 
analyte and for most of the organic compounds was 254 nm. 
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Figure 3.9: Chromatogram for the mobile phase. 
 
Figure 3.10: Chromatogram of the EB with retention time (RT) of 3.78 min at 1723 psi 
and 75% MeOH and 25% water 
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The PDA detector measures the amount of light striking the photodiode array to 
determine the absorbance of the sample in the flow cell. Each of the 512 photodiode acts 
as a capacitor by holding a fixed charge. Light striking a photodiode discharges the diode. 
The magnitude of the discharge depends on the amount of light striking the photodiode. 
Thus, the detector measures the amount of current required to recharge each photodiode. 
The current is proportional to the amount of light transmitted through the flow cell over 
the interval specified by the diode exposure time (Waters, 2001). The detection limits 
were set at a UV-wave length of 254 nm. The area under the curve registered, as EB is 
eluted from the analytical column, is the concentration of EB in solution. The PDA had to 
be previously calibrated to detect different concentrations when extracting 50 µL for each 
injection. The concentrations chosen for the calibration were: 2, 7, 14, 20, 30, 50, 70, 100 
and 120 mg/L. Each calibration point was filtered with a nylon hydrophilic filter to 
maintain consistency throughout the analysis. 
The analytical column used in this study was a Nova-Pak Column 3.9 x 150mm 
(Figure 3.11), 1.8 mL volume. The C18 column has spherical particles having sizes of 4 
and 6 μm, pore sizes of 60 Ǻ, 120 m2/g of surface area, a pore volume of 0.3 cc/g, a 7.3 
% carbon load and it is end capped. The Nova-Pak has a silica matrix pH value of 5.1 
(Kromidas, 2006). 
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Figure 3.11: The Nova-Pak column C18. Flow runs from the bottom to the top, and the 
top is connected to the PDA. On the right, the 2996 PDA detector 
 
Mobile Phase and Reversed-Phase High Pressure Liquid Chromatography 
The high-pressure-liquid chromatography reverse-phase HPLC-RP mode consists 
of having a non-polar surface operating with a polar, often mixed aqueous-organic 
mobile phase (Katz et al., 1998). This combination of mobile phase and stationary phase 
exerts forces for ‗retention‘ which are dispersive interactions between the non-polar 
surface ligands and the non-polar components of the analyte and the ‗hydrophobic effect‘ 
(i.e., the water molecules repelling and pushing away the non-polar analytes) (Katz et al., 
1998). This latter mobile-phase effect is the main effect that drives selectivity in the 
HPLC-RP and results in higher resolution (i.e., more separate peaks) (Figure 3.10). The 
column for the reverse phase is usually made of silica gel because it provides a more 
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suitable surface matrix that provides alkyl chain bonding (Kromidas, 2006). Each 
commercially available column would have its own physical-chemical characteristics and 
provide different effects for specific results. 
 The composition of the mobile phase in this study was of 75% Methanol (MeOH) 
and 25% Type I water. Methanol was selected as the mobile phase because it is a better 
solvent for organic compounds, and water gives the polarity needed in the mobile phase 
to yield higher resolution of the eluting peaks (i.e. EB) (Figure 3.9). The HPLC-RP can 
use two solvents for the mobile phase: methanol or acetonitrile. Methanol provides a 
better selectivity because of the preference for polar interactions in the case of small 
molecules such as primary amines. Peak deformation is enhanced by viscosity. Methanol 
not only completely separates polar contaminants, but also non-polar contaminants which 
are barely discernable in acetonitrile (Kromidas, 2006). The adsorption of the analyte 
happens in the hydrophobic alkyl ligands, which strongly influence the retention time. 
The contact area between the analyte and the surface is dependent on the alkyl chain 
length (Katz et al., 1998). 
Statistical Analysis 
 An analysis of variance (ANOVA) test was performed to determine if the sample 
means of a particular group of data were significantly different from each other ( = 
0.05). The ANOVA test was used for both the crumb rubber size and the CR/EB ratio. 
  
 
 
47 
 
ANOVA tested the null hypothesis ( oH ) that all the measured sample means were equal 
for a particular parameter. For the ANOVA test (Table 3.5 and Table 3.6).  
 
Table 3.5: ANOVA test table for a completely randomized design (Ott and Longnecker, 
2001) 
Source Sum of Squares Degrees of Freedom Mean Squares F test 
Between samples SSB 1t  )1/(
2  tSSBSB  
22 / WB SS  
Within samples SSW tnT   )/(
2 tnSSWS TW    
Total TSS 1Tn    
 
Where, 
 SSB = the sum of the squares between samples 
 SSW = the sum of squares within samples 
 TSS = the total of the sum of squares 
 S
2
B = the mean square of between samples 
 S
2
W= the mean square of within samples 
t = number of populations tested 
nT = the number of total sample observations 
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Table 3.6: Null hypothesis for the ANOVA tests 
Parameter Ho Reject Ho Fail to Reject Ho 
C µce = µcej µce ≠ µcej F crit < F-value F crit > F-value 
q µq = µqj µq ≠ µqj F crit < F-value F crit > F-value 
kd µkd = µkdj µkd ≠ µkdj F crit < F-value F crit > F-value 
 
Where,  
ij = the jth sample observation selected from population i (i.e., four population 
each crumb rubber sieve size) 
Fcri = F critical value 
F = F value calculated for given data 
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CHAPTER 4  
RESULTS AND DISCUSSION 
This Chapter provides analyses and discussion of the experimental results. The 
analysis of Phase One shows the results from the equilibrium sorption test for the four 
different sizes of crumb rubber. The second phase of the analysis consists of the results of 
equilibrium sorption of the different crumb rubber mixtures. The second phase verifies 
the mathematical model developed in Phase One using different crumb rubber sizes, 
crumb rubber processing methods, and ethylbenzene concentrations. The results are 
discussed and a statistical analysis shows the significant difference of the mean for the 
equilibrium concentration (Ce), the sorbed concentration onto crumb rubber (q) and the 
partitioning coefficient (kd) for each test.  
Phase One: Sorption 
Figure 4.1 shows that the amount of EB remaining in solution after reaching 
equilibrium has a good fit with a power trend. As the CR/EB increases, the equilibrium 
concentration in the solution decreases. The isotherm model has a better fit when the 
CR/EB is higher as it tends to level off at approximately 1 mg/L. The concentrations of 
VOCs reported from landfill leachate do not exceed the higher EB concentrations (i.e., 
<10 mg/L), and the EPA MCLs for EB are less than 1mg/L in solution.  Thus, the model 
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can be used to predict the amount of crumb rubber that needs to be utilized to reduce the 
final EB concentration in solution.  
It must be noted that the crumb rubber from scrap tires has other chemical 
compounds that are released in aqueous solution as indicated by the fluctuation in the 
early portion of the chromatogram shown in Figure 4.2.  
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Figure 4.1: Sorption analysis of EB equilibrium concentration solution and CR/EB 
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Figure 4.2: Chromatogram of 50 µL of solution from a 2-g crumb rubber (8-14 mesh) 
sample mixed with 100 mg/L of EB in solution after equilibrium has been 
reached. The peaks eluted after 1 minute are organic compounds leached from the 
crumb rubber 
 
In Table 4.1 the ANOVA results show the analysis of the means for the EB 
equilibrium concentration (Ce) in solution when compared to each CR/EB ratio. This test 
helped to understand if the Ce means differ among the four crumb rubber sizes with the 
same CR/EB ratio. According to the result of the ANOVA test, the null hypothesis that 
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the average Ce mean for all sizes was equal to the Ce means of the individual crumb 
rubber sizes was rejected for the CR/EB ratios equal to 50, 100, 200, 300 and 500. 
 
Table 4.1: ANOVA test for the average Ce mean for all sizes compared to the Ce means 
of the individual crumb rubber sizes at different CR/EB ratios ( = 0.05).  
CR/EB F-value Fcri Decision 
50 6.2 3.95 R Ho 
100 11.6 3.95 R Ho 
200 13.1 3.95 R Ho 
300 37.9 3.95 R Ho 
500 8.9 3.95 R Ho 
700 2.9 3.95 FTR Ho 
 
 
However, the ANOVA test for the CR/EB ratio of 700 failed to reject the null. 
This indicates that the crumb rubber sizes do not affect the Ce when the CR/EB ratio was 
greater than 700. Table 4.2 shows the difference in the mean Ce for each of the four 
crumb rubber sizes tested within the CR/EB ratio of 700. The results for this test showed 
that only one size, the 16-20 mesh, was significantly different from the 30-40 and 60-80 
mesh, but it was not significantly different from the 12-14 mesh. 
 
 
 
  
 
 
53 
 
Table 4.2: Least significant differences of Ce among the crumb rubber sizes within the 
CR/EB ratio equal to 700 ( = 0.05). 
Sizes t-grouping Ce (mg/L) 
60-80 A 1.9 
30-40 A 1.8 
12-14 AB 1.8 
16-20 B 1.5 
 
The ANOVA results presented in Table 4.3 compare the mean Ce for all the 
CR/EB ratios. The test was expected to reject the null in this case; because, the amount of 
rubber in the solution does have an effect on the Ce. The relationship shows that as the 
mass of crumb rubber increases, Ce decreases. The analysis showed that the means of the 
Ce are significantly different from each other until the CR/EB ratio reaches 500 after 
which the Ce levels out.  
 
Table 4.3: ANOVA test results for the EB equilibrium concentrations. Means with the 
same letter for the t-grouping are not significantly different ( = 0.05). 
CR/EB Mean Ce (mg/L) t-grouping N 
50 17.39 A 22 
100 10.37 B 22 
200 5.70 C 22 
300 3.94 D 22 
500 2.44 E 22 
700 1.77 E 22 
 
The second parameter analyzed in Phase One was the relationship between the 
concentration of EB sorbed onto the crumb rubber, q, and the CR/EB ratio. The results 
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shown in Figure 4.3indiate that q followed a power trend with good fit among the 
particles sizes with a correlation coefficient of approximately 1.0. As the CR/EB ratio 
increased, the closer q approached 1000 mg/kg. The different crumb rubber sizes did not 
affect q when compared with the CR/EB ratio. Thus, q does not change with changes in 
crumb rubber size; q changes as the mass of crumb rubber in solution increases.  
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Figure 4.3: The amount of EB sorbed onto CR (q) compared with the initial concentration 
of CR/EB in solution for each sieve sizes 
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 The ANOVA results presented in Table 4.4 indicated that there were no 
significant differences in q between different crumb rubber sizes at a particular CR/EB 
ratio. As the amount of crumb rubber increased, q decreased. This decrease indicates that 
more EB is sorbed onto crumb rubber as the mass of crumb rubber increases. 
 
Table 4.4 ANOVA results for q for each of the crumb rubber sizes within the same 
CR/EB ratio ( = 0.05). 
CR/EB F-value Fcri Decision 
50 0.8 3.95 FTR Ho 
100 0.8 3.95 FTR Ho 
200 0.2 3.95 FTR Ho 
300 0.7 3.95 FTR Ho 
500 0.6 3.95 FTR Ho 
700 0.7 3.95 FTR Ho 
 
 
The results presented in Table 4.5 show that q showed significant differences for 
the CR/EB ratios; however, there were no significant differences between CR/EB equal 
to 500 and 700. This indicates that the q tends to remain relatively constant as the CR/EB 
ratio is greater than 500. These results reflect the behavior of Ce as previously discussed. 
 
 
Table 4.5: LSD test result for the q means compared with various CR/EB  
CR/EB Mean q (mg/kg) t-grouping N 
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50 11253 A 22 
100 6683 B 22 
200 3624 C 22 
300 2546 D 22 
500 1568 E 22 
700 1135 E 22 
 
Based on the results, models were developed to predict the Ce and q based on the 
CR/EB ratio. These models are presented in Equations 4.1 and 4.2 respectively. 
88.0)/(717  EBCRCe                                           [4.1] 
         
92.0)/(870,544  EBCRq                                          [4.2] 
Figure 4.4 shows the results of the sorption tests (Ce vs. q) for each crumb rubber 
size. Lower Ce values were reported for the higher CR/EB ratios because of the higher 
crumb rubber mass. The higher concentrations were reported for the lower CR/EB ratios. 
The different sizes of crumb rubber showed slight differences in Ce, and the smallest 
particle sizes had the lowest partitioning coefficient, kd. A potential explanation for this is 
the fact that foreign material (fiber) was present in the 60-80 mesh rubber that was not 
present in the other size fractions. This is evident by the different slope values in Figure 
4.4. The greater slope (i.e., kd) indicates that more EB will be sorbed by the crumb 
rubber. A linear relationship is suitable for organic compounds such as EB, and the 
relationship correlates with the results found by Kim et al. (1997). The crumb rubber 
particle size that shows the highest kd was the 16-20 mesh (1.16 mm - 850µm). 
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Figure 4.4: The sorption of EB onto different CR sizes 
 
 This result indicates that size of the crumb rubber does not follow the general 
trend of surface area sorption. However, this could be the case because there were other 
materials present in the finer crumb rubber size. This could have lowered the amount of 
  
 
 
58 
 
EB sorbed onto the crumb rubber. The trend line equations for each of the crumb rubber 
sizes are presented in Table 4.6.  
Table 4.6: The kd for each of the crumb rubber sizes and their respective R2 values 
Crumb rubber size Equation kd (L/kg) R
2
 
12-14 mesh eCq 640  640 0.93 
16-20 mesh eCq 739  739 0.97 
30-40 mesh eCq 693  693 0.94 
60-80 mesh eCq 538  538 0.96 
Overall eCq 633  633 0.91 
 
 
According to previous studies, the particle size has an effect on adsorption if the 
organic compounds are adsorbed onto the surface of tire rubber (Kim et al., 1997). 
Generally, organic compounds would be more likely to attach onto the smaller particles; 
however, according to the results of this study the trend does not follow that effect. 
Instead, the higher kd is for the 16-20 mesh (738 L/kg), followed by 30-40 mesh (693 
L/kg), 12-14mesh (639 L/kg) and 60-80 mesh (538 L/kg). From the results of the 
ANOVA test, there were differences in the kd values among some of the crumb rubber 
sizes within the same CR/EB ratio (Table 4.7). However, for higher CR/EB ratios, the kd 
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for all particle sizes is similar. It was observed that the rubber with the finer particle size 
(i.e., 60-80) had more fiber, which includes nylon, dust and fabric, coming from the tire-
grinding process or the tire itself. This could have contributed to the decrease in the 
sorption rate of EB. Therefore, perhaps separating only rubber particles from the 60-80 
mesh size could help increase the sorption rate and have a higher partition coefficient.  
Table 4.7: ANOVA results for kd for each of the crumb rubber sizes within the same 
CR/EB ratio (α = 0.05). 
CR/EB F-value Fcri Decision 
50 2.8 3.95 FTR Ho 
100 14.4 3.95 R Ho 
200 3.4 3.95 FTR Ho 
300 5.0 3.95 R Ho 
500 3.4 3.95 FTR Ho 
700 0.8 3.95 FTR Ho 
 
The LSD test results presented in Table 4.8 show that the kd values, when 
compared among all of the CR/EB ratios, are not significantly different. This is expected 
since the kd is a function of both q and Ce; therefore, as the amount of rubber changes in 
solution the sorption rate remains constant, thus changing the final equilibrium 
concentration in solution. For that reason, kd showed a linear relationship when plotted. 
Regardless of the amount of the crumb rubber, the sorption rate should remain fairly 
constant since all of the sizes were not significantly different from one another. 
Table 4.8: ANOVA test for the means of kd when compared with all CR/EB ratios (α= 
0.05) 
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CR/EB Mean kd (L/kg) t-grouping N 
50 661 A 22 
100 659 A 22 
300 654 A 22 
300 652 A 22 
500 652 A 22 
700 648 A 22 
 
The higher the CR/EB the better fit for the Ce, kd, and q values when compared 
each of the crumb rubber sizes. Table 4.9 shows the means for all three parameters tested 
for each size particle according to the same CR/EB ratio. Means that had the same letters 
were not significantly different. For most of the sizes, the ones that were similar were 12-
14 and 30-40 mesh. For the q values, all of the sizes for each CR/EB ratio showed that 
they were not significantly different from each other. Thus, the overall results for the 
ANOVA test (Table 4.9) showed that the null was rejected for the kd with lower CR/EB 
ratios; nevertheless, for the higher ratios (500 and 700) the null failed to be rejected.  
 
 
Table 4.9: Combined results for the test for least significant difference between crumb 
rubber size within CR/EB ratios. The crumb rubber sizes with similar means have 
the same letter ( = 0.05). 
 Ce (mg/L) kd (L/kg) q (mg/kg) 
CR/EB Sizes  Mean Sizes  Mean Sizes  Mean 
50 60-80 A 19.8 16-20 A 740 30-40 A 12058 
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 30-40 B 17.3 30-40 AB 699 12-14 A 11304 
 12-14 BC 17.2 12-14 AB 677 16-20 A 10841 
 16-20 C 14.8 60-80 B 544 60-80 A 10751 
100 60-80 A 12.3 16-20 A 793 30-40 A 7108 
 12-14 B 10.5 30-40 B 691 12-40 A 6647 
 30-40 B 10.2 12-14 B 641 16-20 A 6501 
 16-20 C 8.15 60-80 C 533 60-80 A 6428 
200 60-80 A 6.8 16-20 A 740 30-40 A 3718 
 12-14 B 5.6 12-14 AB 667 12-14 A 3695 
 30-40 B 5.5 30-40 AB 665 60-80 A 3610 
 16-20 C 4.7 60-80 B 538 16-20 A 3456 
300 60-80 A 4.5 16-20 A 735 30-40 A 2678 
 30-40 B 3.9 30-40 A 677 12-14 A 2548 
 12-14 B 3.8 12-14 A 665 60-80 A 2526 
 16-20 C 3.2 60-80 B 555 16-20 A 2410 
500 60-80 A 2.8 16-20 A 718 30-40 A 1643 
 12-14 B 2.4 30-40 A 698 12-14 A 1567 
 30-40 BC 2.4 12-14 AB 650 60-80 A 1556 
 16-20 C 2.1 60-80 B 553 16-20 A 1492 
700 60-80 A 1.9 16-20 A 704 30-40 A 1192 
 30-40 A 1.8 30-40 A 660 12-14 A 1133 
 12-14 AB 1.8 12-14 A 654 60-80 A 1127 
 16-20 B 1.5 60-80 A 600 16-20 A 1076 
 
This indicates that the kd remained constant for all the sizes. These results are in 
agreement with Edit at el., for crumb rubber sizes 1.68, 2.18, and 2.68 mm showed that 
they had no difference in sorption rate for EB, TOL, and m-OXYL (2004). 
Figure 4.5 shows the same data as in Figure 4.4, but the data are categorized by 
CR/EB ratio. The lower CR/EB ratios have a higher variability than the higher CR/EB 
ratios. This was verified with the statistical analyses, which indicated differences in 
sorption capacity between crumb rubber sizes at lower CR/EB ratios, but not at higher 
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ratios. This variability can be attributed to the notion that the there is less crumb rubber in 
lower CR/EB ratios to hold onto the EB molecules in solution.  
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Figure 4.5: Phase One sorption test according to the CR/EB ratio 
 
Phase-One: Desorption 
The results from the desorption test are presented in Figures 4.6 to 4.8. As 
compared to the sorption results, the desorption data was more variable as indicated by 
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lower R
2
 values. In Figures 4.6 and 4.7, the Ce and q, respectively, show the amount 
released by the crumb rubber since the initial EB concentration of the solution, Ci, was 0 
mg/L. As with the sorption test, the desorption rate showed a better fit when the 
concentration of crumb rubber mass was higher. As the crumb rubber mass decreased, the 
results for the Ce were more varied and had a much lower fit to the sorption curve. 
However, due to the desorption procedure utilized, volatilization likely occurred because 
the saturated crumb rubber from each sample had to be exposed to the atmosphere for 
approximately 5 minutes, which could have led to volatilization of a portion of the EB 
sorbed by the crumb rubber. The effect of volatilization can be seen by the separation 
between the sorption and desorption curves in Figures 4.6 and 4.7. It should also be noted 
that the volatilization was greater when the concentration of CR in solution was small 
(i.e., lower CR/EB ratios).   
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Figure 4.6: Desorption of EB according to the different particle sizes. The equilibrium 
concentration in solution in terms of the CR/EB ratio. 
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Figure 4.7: Desorption rate of EB concentration sorbed onto the crumb rubber in solution 
and the CR/EB ratio 
 
 
 The effect of volatilization was more evident when plotting for the kd values 
(Figure 4.8). Table 4.10 shows the resulting partitioning coefficients from the desorption 
test. This indicates that different desorption rate for the different sizes. Higher kd values 
were found for the larger particle sizes. However, the overall kd from the desorption test 
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(703 L/kg) was not significantly different from that of the sorption test (633 L/kg). 
Nevertheless, the test had problems with volatilization; the exposure to the air was longer 
for some samples than others, which would increase the amount of volatilization. 
 
 
0
2000
4000
6000
8000
10000
12000
14000
16000
0 2 4 6 8 10 12 14 16
q
 (
m
g
/k
g
)
Ce (mg/L)
12-14 16-20 30-40 60-80 12-14
16-20 30-40 60-80 All
 
Figure 4.8: Desorption for each particle size in terms of q vs. Ce 
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Table 4.10: Desorption equations of the trend lines for the crumb rubber sizes 
Crumb rubber size Equation kd (L/kg) R
2
 
12-14 mesh q = 947 Ce 947 0.51 
16-20 mesh q = 838 Ce 838 0.96 
30-40 mesh q = 665 Ce 665 0.80 
60-80 mesh q = 562 Ce 562 0.59 
Overall q = 703 Ce 703 0.61 
 
 
Phase-Two: Validation of Sorption Isotherm 
The first parameter measured for the second phase was the equilibrium 
concentration for each of the samples. The results were plotted in Figure 4.9, where the 
Ce was determined in terms of CR/EB ratio. The trend line showed an agreement with the 
predicted values from Equation 4.1.  
 Figure 4.10 shows the relationship of the EB equilibrium concentration and the 
CR/EB ratio in solution from the predicted values of Equation 4.3, and the measured 
values from Phase Two. The values that that had the best fit were those having the higher 
CR/EB ratios, as also seen in the results from Phase One. 
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Figure 4.9: EB equilibrium concentration with respect to the CR/EB compared to the 
predicted model 
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Figure 4.10: Comparison between the predicted equilibrium concentration for phase two 
analysis and the measured concentration. 
 
 
The q from validation data is in agreement with the predicted trend (i.e., Equation 
4.2) when compared with the amount of CR/EB ratio (Figures 4.11 and 4.12). For this 
data, the cryogenic crumb rubber does not show much difference with the ambient rubber 
in sorption capacity. The predictability of both crumb rubber sizes does not seem affected 
by the grinding processes when compared to the q values and CR/EB ratio.     
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Figure 4.11: Measured concentration of EB onto the crumb rubber compared with the 
predicted model   
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Figure 4.12: Measured concentration onto the crumb rubber compared with the predicted 
data 
      
The cryogenic crumb rubber samples were closely related with the ambient 
sample results. Thus crumb rubber particles produced from both grinding processes could 
result in similar sorption performance. However, further analysis is necessary to 
corroborate these results. 
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Figure 4.13 presents the relationship between Ce and q for the Phase Two data and 
Table 4.11 included the kd values for each rubber.  The overall kd for all of the data (628 
L/kg) was similar to the results from Phase One (633 L/kg).  However, the crumb rubber 
having higher surface area (i.e., Ambient 20-30 and Ambient -30 mesh) had similar kd 
values that were far greater than those of the Cryogenic 30-40 and Ambient 8-14 mesh 
rubber, which have similar specific surface areas. 
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Figure 4.13: Validation data showing the equilibrium concentration and the amount of 
EB sorbed onto C 
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Table 4.11: Equations for the validation kd results and their R
2
 
Crumb rubber size Equation kd (L/kg) R
2
 
Ambient 8-14 eCq 372  372 -21.87 
Ambient 20-30 mesh eCq 802  802 0.84 
Ambient -30 mesh eCq 863  863 0.88 
Cryogenic 30-40 mesh eCq 401  401 0.92 
Overall eCq 628  628 0.92 
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CHAPTER 5  
SUMMARY, CONCLUSION, AND RECOMMENDATIONS 
This Chapter includes a summary of this study, followed by a list of conclusions 
drawn from the analysis of the results, and finally a list of recommendations for 
continuing this investigation.  
Summary 
This research project consisted of a batch test analysis that tested for organic 
pollutants absorbed onto crumb rubber particles of different sizes. The target pollutant 
was ethylbenzene (EB), and the crumb rubber sizes tested included: 1.4 mm, 850 μm, 425 
μm, and 180 μm. The main objective of the study was to determine the partitioning 
coefficient of EB in solution (i.e., water as a liquid phase) and different crumb rubber 
(i.e., solid phase) masses and sizes at a constant temperature. Predictive equations were 
developed for equilibrium contaminant concentration (Ce) and equilibrium contaminant 
concentration in the crumb rubber (q) based on the mass ratio of crumb rubber to EB 
(CR/EB ratio). 
  Following the sorption test, a desorption test was conducted for each sample. The 
desorption of EB from saturated crumb rubber particles was determined by first 
dewatering the EB solution after equilibrium was reached in the sorption test. The 
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saturated crumb rubber was then combined with the new liquid phase having an EB 
concentration of 0 mg/L.  Volatilization was an issue for the desorption test; therefore the 
test procedures need to be evaluated and modified so that volatilization can be reduced to 
negligible levels. 
 The second phase of the study consisted of testing for EB equilibrium 
concentrations in solutions of different crumb rubber mixtures including: 8-14 mesh 
ambient, 20-30 mesh ambient, -30 mesh ambient, and 30-40 mesh cryogenic. Additional 
CR/EB ratios were also used in this phase along with different initial EB concentrations 
in the test solution. The results obtained from the batch test of the second phase were 
compared with predictive equations developed in Phase-One.  
Conclusions 
 Based on the analysis of the results from this limited study, the following 
conclusions were made. 
 The partitioning coefficient, kd, of EB and crumb rubber, based on this research 
was 633 L/kg.  This value is within the range determined by other researchers. 
 The size of the crumb rubber did not have a significant effect on the kd as the 12-
14, 16-20, and 30-40 mesh rubber had similar kd values. Because the 60-80 mesh 
rubber had excess amounts of foreign material (i.e., fiber), it cannot be compared 
to the other sizes. 
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 The kd did not change with changes in the ratio of crumb rubber and EB (CR/EB), 
but the spread of the data did increase as the CR/EB decreased. 
 There were no significant differences in kd for ambient and cryogenic crumb 
rubber having similar surface area.  The ambient 8-14 and cryogenic 30-40 crumb 
rubber both have a specific surface area of approximately 0.02 m
2
/g and had 
similar kd values (372 and 401 L/kg, respectively). However, further research is 
needed to conclude with more certainty if the cryogenic and ambient to verify 
this. 
 The predictability of the models for both q and Ce was greater for higher CR/EB 
ratios.  
 
Recommendations for Future Research 
This research encountered the following uncertainties that need to be tested for 
further contribution to the objectives of this investigation: 
 The HPLC results from this study showed that the crumb rubber leached organic 
compounds. The concentration that was leached had a direct relationship with the 
mass of crumb rubber tested. Thus, it is recommended to test the different elution 
peaks and separate them (i.e., higher resolution) with different conditions (i.e., > 
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or < pH, mobile phase composition, different column properties) when tested in 
the HPLC.  
 The desorption test showed that after the sorption test; the crumb rubber leachate 
was less than the sorption test. Thus, soaking crumb rubber prior to testing for 
sorption decreases the amount of leachate. It is recommended to evaluate methods 
to treat the rubber to reduce the amount of material leaching from the crumb 
rubber. 
 Further analysis is needed to test the difference in sorption capacity between 
ambient and cryogenic crumb rubber. A larger number of samples should be 
tested. 
 Further studies are necessary to corroborate the sorption capacity of crumb rubber 
for other organic compounds. It is recommended to use the organic compound 
Toluene (TOL) next, since its molecular weight (mw) is close to EB (i.e., TOL 
mw = 0.865 mol/g) 
 
Recommendations for Practical Application of the Research Findings 
 For a given initial EB concentration in solution, the mass of crumb rubber to be 
added to the solution to reduce the EB concentration to an acceptable level can be 
determined using Equation 4.1.  
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 Based on this study, it is recommended to use the 16-20 mesh crumb rubber size 
since it had the maximum sorption rate ( 738dk L/kg). 
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Appendix A 
 
Table A.1: Batch test results for the crumb rubber size 12-14 mesh 
 Initial Measurements Sorption Measurements 
EB Conc., mg/L 
pH 
CR, 
g 
Solution 
Mass, g 
EB Conc., mg/L 
pH Vial 
1.1 
Vial 
1.2 
Vial 
2.1 
Vial 
2.2 
Vial 
1.1 
Vial 
1.2 
Vial 
2.1 
Vial 
2.2 
65.489 56.375 74.429 70.158 9.3 0.53 124.26 17.873 17.786 21.011 21.134 8.8 
78.248 78.568 72.256 70.156 7.8 0.52 124.13 22.274 22.130 19.314 19.133 7.5 
59.347 58.145 56.254 56.398 7.0 0.53 124.02 16.483 16.018 17.359 17.396 6.9 
62.61 62.822 61.685 53.61 7.1 0.54 124.15 16.645 15.418 16.558 16.322 7.4 
72.405 72.694 73.642 71.141 7.0 0.57 123.49 10.076 10.039 15.539 15.772 7.7 
65.489 56.375 74.429 70.158 9.3 1.06 122.88 9.663 9.522 10.074 10.060 8.5 
78.248 78.568 72.256 70.156 7.8 1.04 124.40 11.431 11.706 12.413 12.584 7.2 
59.347 58.145 56.254 56.398 7.0 1.08 125.52 8.141 8.425 8.552 8.432 7.1 
62.61 62.822 61.685 53.61 7.1 1.03 124.47 8.979 8.870 10.229 9.875 7.1 
72.405 72.694 73.642 71.141 7.0 1.04 126.75 10.403 10.021 14.848 14.774 7.2 
65.489 56.375 74.429 70.158 9.3 2.00 123.47 5.850 5.882 6.167 6.087 8.4 
78.248 78.568 72.256 70.156 7.8 2.06 123.11 5.779 5.715 5.935 5.890 7.3 
59.347 58.145 56.254 56.398 7.0 2.07 125.75 5.993 5.980 6.073 5.914 7.1 
62.61 62.822 61.685 53.61 7.1 2.05 125.69 5.180 5.092 4.720 4.675 7.1 
72.405 72.694 73.642 71.141 7.0 2.07 125.90 5.153 5.015 5.334 5.174 7.1 
65.489 56.375 74.429 70.158 9.3 3.06 124.80 3.568 3.391 4.320 4.166 8.0 
78.248 78.568 72.256 70.156 7.8 3.01 123.16 4.026 4.056 3.961 4.176 7.3 
59.347 58.145 56.254 56.398 7.0 3.02 125.58 3.914 3.831 3.867 3.897 7.1 
62.61 62.822 61.685 53.61 7.1 3.09 120.84 4.018 4.093 3.894 3.871 6.9 
72.405 72.694 73.642 71.141 7.0 3.02 125.15 3.689 3.560 3.429 3.242 7.3 
65.489 56.375 74.429 70.158 9.3 5.03 123.35 2.721 2.637 2.754 2.832 7.8 
78.248 78.568 72.256 70.156 7.8 5.06 125.12 2.764 2.680 2.626 2.672 7.4 
59.347 58.145 56.254 56.398 7.0 5.07 124.94 2.434 2.440 2.266 2.285 7.1 
62.61 62.822 61.685 53.61 7.1 5.03 120.84 2.278 2.298 2.270 2.108 7.1 
72.405 72.694 73.642 71.141 7.0 5.05 124.76 2.290 2.138 2.030 2.087 7.2 
65.489 56.375 74.429 70.158 9.3 7.07 121.78 2.156 2.055 2.148 2.020 7.9 
78.248 78.568 72.256 70.156 7.8 7.03 123.67 2.064 1.930 1.891 1.930 7.4 
59.347 58.145 56.254 56.398 7.0 7.02 124.23 1.496 1.597 1.673 1.601 7.0 
62.61 62.822 61.685 53.61 7.1 7.03 122.56 2.008 2.113 1.803 1.934 7.2 
72.405 72.694 73.642 71.141 7.0 7.05 125.79 1.335 1.303 1.323 1.420 7.2 
  *Lost data 
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Table A.2: Sorption results for the crumb rubber size 12-14 mesh 
CR/EB Ci (mg/L) Ce (mg/L) q (mg/kg) kd (kg/L) 
63.65 66.61 19.45 11010 566.04 
55.61 74.81 20.71 12859 620.82 
73.69 57.54 16.81 9488 564.31 
71.78 60.18 16.24 10060 619.59 
62.92 72.47 12.86 12856 999.94 
127.30 66.61 9.83 6526 663.88 
111.22 74.81 12.03 7446 618.76 
150.17 57.54 8.39 5663 675.17 
136.92 60.18 9.49 6075 640.30 
114.81 72.47 12.51 7248 579.27 
240.19 66.61 6.00 3682 613.95 
220.30 74.81 5.83 4053 695.27 
287.82 57.54 5.99 3080 514.16 
272.51 60.18 4.92 3333 677.92 
228.51 72.47 5.17 4026 778.89 
367.50 66.61 3.86 2497 646.56 
321.90 74.81 4.05 2824 696.52 
419.91 57.54 3.88 2178 561.64 
410.76 60.18 3.97 2142 539.70 
333.38 72.47 3.48 2790 801.73 
604.09 66.61 2.74 1503 549.18 
541.13 74.81 2.69 1711 637.22 
704.95 57.54 2.36 1305 553.68 
668.64 60.18 2.24 1334 595.97 
557.47 72.47 2.14 1667 780.47 
849.09 66.61 2.09 1047 499.72 
751.80 74.81 1.95 1209 618.69 
976.08 57.54 1.59 934 586.82 
934.50 60.18 1.96 957 487.01 
778.25 72.47 1.35 1198 890.49 
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Table A.3: Desorption results for the crumb rubber size 12-14 mesh 
Desorption Measurements 
CR/EB 
Ce 
(mg/L) 
q 
(mg/kg) 
kd 
(L/kg) 
EB Conc., mg/L 
p
H 
Water 
Mass, g 
 Mass 
(dry), g 
Vial 
1.1 
Vial 1.2 Vial 2.1 Vial 2.2 
8.075 7.770 7.216 7.230 8.4 124.62  * 63.65 7.573 9237 1219.77 
4.759 4.450 5.109 4.924 6.9 124.37  * 55.61 4.811 11713 2434.90 
1.341 1.144 1.607 1.441 7.9 124.59  * 73.69 1.383 9164 6625.30 
10.573 10.429 10.769 10.647 7.4 124.61 0.45 71.78 10.605 7623 718.85 
10.271 10.381 10.923 10.842 7.8 125.58 0.56 62.92 10.604 10530 993.00 
6.689 6.210 7.579 7.610 8.3 124.37  * 127.30 7.022 5709 813.00 
5.337 5.419 5.237 5.187 6.9 122.44  * 111.22 5.295 6828 1289.48 
6.496 6.431 6.838 6.749 7.1 124.57  * 150.17 6.629 4905 740.00 
6.740 6.601 6.927 7.102 7.1 127.15 0.96 136.92 6.843 5238 765.44 
6.896 7.047 7.611 7.545 7.2 124.32 1.02 114.81 7.275 6385 877.72 
3.946 4.006 4.369 4.284 7.8 125.21  * 240.19 4.151 3426 825.24 
3.557 3.644 3.779 3.666 6.9 123.78  * 220.30 3.662 3837 1047.90 
3.398 3.726 4.671 4.507 7.0 125.27  * 287.82 4.076 2837 696.17 
4.086 4.076 4.102 4.172 7.2 125.16 1.95 272.51 4.109 3086 751.13 
4.253 3.898 4.053 3.965 7.1 125.26 2.05 228.51 4.042 3785 936.48 
2.921 3.070 3.063 2.921 7.8 125.92  * 367.50 2.994 2376 793.76 
2.881 3.007 2.922 2.824 6.9 123.40  * 321.90 2.909 2708 931.02 
2.644 2.790 3.382 3.488 6.9 124.79  * 419.91 3.076 2054 667.62 
3.023 3.013 3.119 3.277 7.2 125.72 2.84 410.76 3.108 2019 649.53 
2.742 2.986 2.826 2.791 7.0 125.05 2.94 333.38 2.836 2675 943.29 
1.837 1.771 1.613 1.708 7.7 126.27  * 604.09 1.732 1461 843.30 
1.983 2.021 1.875 1.829 6.9 124.20  * 541.13 1.927 1666 864.49 
2.153 2.178 1.861 1.860 6.9 125.19  * 704.95 2.013 1257 624.40 
2.139 1.992 2.104 2.150 7.2 124.90 4.76 668.64 2.096 1284 612.58 
1.775 1.589 1.910   7.1 126.00 4.97 557.47 1.758 1625 924.44 
1.855 1.938 1.897 1.728 7.7 126.33  * 849.09 1.855 1016 547.60 
1.600 1.648 1.549 1.483 6.9 125.45  * 751.80 1.570 1182 753.07 
1.485 1.246 1.403 1.339 6.9 124.46  * 976.08 1.368 911 665.95 
1.498 1.504 1.419 1.339 
7.0
2 
125.54 6.82 934.50 1.440 932 647.54 
1.441 1.360 1.432 1.467 
6.9
7 
124.79 6.94 778.25 1.425 1174 823.95 
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Table A.4: Batch test results for crumb rubber size 16-20 mesh 
Initial Measurements Sorption Measurements 
EB Conc., mg/L 
pH 
CR 
(g) 
Solution 
Mass, g 
EB Conc., mg/L 
pH Vial 
1.1 
Vial 
1.2 
Vial 
2.1 
Vial 
2.2 
Vial 
1.1 
Vial 
1.2 
Vial 
2.1 
Vial 
2.2 
61.637 61.773 60.325 59.307 7.9 0.56 125.35 16.110 16.148 15.455 15.255 7.1 
60.325 59.307 58.193 56.333 7.5 0.58 124.86 11.998 11.782 12.798 12.668 7.6 
62.884 62.744 62.785 62.517 7.1 0.55 125.19 14.829 14.655 12.693 12.730 7.4 
63.963 63.237 65.416 65.027 7.3 0.54 124.87 15.835 16.056 17.966 17.639 7.2 
65.835 65.626 65.210 65.724 8.1 0.52 124.33 15.017 15.760 14.846 15.561 7.5 
61.637 61.773 60.325 59.307 7.9 1.05 125.35 8.578 8.652 8.472 8.457 7.3 
60.325 59.307 58.193 56.333 7.5 1.05 124.86 7.038 7.106 7.716 7.593 7.4 
62.884 62.744 62.785 62.517 7.1 1.01 125.19 9.360 9.210 8.864 9.006 7.4 
63.963 63.237 65.416 65.027 7.3 1.09 124.49 7.496 7.563 7.456 7.269 7.4 
65.835 65.626 65.210 65.724 8.1 1.07 124.49 7.883 8.710 8.038 8.524 7.7 
61.637 61.773 60.325 59.307 7.9 2.07 124.10 4.491 4.393 4.575 4.532 7.3 
60.325 59.307 58.193 56.333 7.5 2.07 124.79 4.506 4.610 4.874 4.678 7.3 
62.884 62.744 62.785 62.517 7.1 2.05 124.45 5.020 4.966 5.479 5.348 7.4 
63.963 63.237 65.416 65.027 7.3 2.18 124.91 4.244 4.096 4.272 4.364 7.2 
65.835 65.626 65.210 65.724 8.1 2.05 125.55 4.793 4.912 4.844 4.784 7.7 
61.637 61.773 60.325 59.307 7.9 3.09 125.00 3.325 3.220 3.365 3.402 7.3 
60.325 59.307 58.193 56.333 7.5 3.08 124.75 3.080 3.075 3.181 3.095 7.2 
62.884 62.744 62.785 62.517 7.1 3.07 123.92 3.184 3.239 3.184 3.642 7.4 
63.963 63.237 65.416 65.027 7.3 3.05 125.41 3.208 3.223 3.107 3.194 7.4 
65.835 65.626 65.210 65.724 8.1 3.02 124.72 3.365 3.465 3.303 3.709 7.7 
61.637 61.773 60.325 59.307 7.9 5.04 125.28 2.177 2.039 2.210 1.975 7.4 
60.325 59.307 58.193 56.333 7.5 5.02 125.15 1.980 2.172 2.295 2.068 * 
62.884 62.744 62.785 62.517 7.1 5.07 124.37 2.353 2.369 2.441 2.122 7.4 
63.963 63.237 65.416 65.027 7.3 5.09 125.12 2.158 2.214 2.051 0.742 7.4 
65.835 65.626 65.210 65.724 8.1 5.03 124.78 2.166 2.290 2.028 2.032 7.7 
61.637 61.773 60.325 59.307 7.9 7.01 124.16 1.494 1.447 1.655 1.519 7.5 
60.325 59.307 58.193 56.333 7.5 7.06 124.74 1.829 1.609 1.576 1.621 7.9 
62.884 62.744 62.785 62.517 7.1 7.08 123.92 1.768 1.498 1.831 0.785 7.4 
63.963 63.237 65.416 65.027 7.3 7.03 125.69 1.543 1.506 1.499 1.480 7.2 
65.835 65.626 65.210 65.724 8.1 7.03 124.23 1.579 1.205 1.609 1.631 7.7 
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Table A.5: Sorption results for the crumb rubber size 16-20 mesh 
CR/EB Ci (mg/L) Ce (mg/L) q (mg/kg) kd (L/kg) 
73.73 60.76 15.74 10032 637.27 
79.26 58.54 12.31 9906 804.58 
70.14 62.73 13.73 11106 809.05 
67.07 64.41 16.87 10945 648.62 
63.42 65.60 15.30 11977 783.01 
138.25 60.76 8.54 6182 723.90 
143.49 58.54 7.36 6034 819.53 
128.80 62.73 9.11 6593 723.70 
135.38 64.41 7.45 6449 866.11 
130.49 65.60 8.29 6610 797.52 
272.55 60.76 4.50 3317 737.43 
282.89 58.54 4.67 3194 684.34 
261.43 62.73 5.20 3435 660.15 
270.76 64.41 4.24 3387 798.13 
250.00 65.60 4.83 3661 757.41 
406.84 60.76 3.33 2266 680.86 
420.91 58.54 3.11 2190 704.60 
391.50 62.73 3.31 2339 706.19 
378.82 64.41 3.18 2456 771.70 
368.30 65.60 3.46 2504 723.61 
663.59 60.76 2.10 1399 666.33 
686.03 58.54 2.13 1350 634.14 
646.55 62.73 2.32 1422 612.39 
632.19 64.41 1.79 1477 824.38 
613.43 65.60 2.13 1511 709.74 
922.97 60.76 1.53 990 647.50 
964.82 58.54 1.66 948 571.59 
902.88 62.73 1.47 1011 687.52 
873.15 64.41 1.51 1062 704.55 
857.33 65.60 1.51 1069 709.51 
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Table A.6: Desorption results for the crumb rubber size 16-20 mesh 
Desorption Measurements 
CR/EB 
Ce 
(mg/L) 
q 
(mg/kg) 
kd 
(L/kg) 
EB Conc., mg/L 
pH 
Water 
Mass, g 
 Mass 
(dry), g 
Vial 
1.1 
Vial 
1.2 
Vial 
2.1 
Vial 
2.2 
10.397 10.179 11.075 10.870 7.9 125.54 0.54 95.96 10.630 7571 712.23 
8.277 7.926 8.262 7.935 7.3 124.52 0.61 105.56 8.100 8260 1019.78 
9.495 9.396 10.148 9.903 7.6 126.71 0.51 83.26 9.736 8697 893.28 
9.659 9.580 9.985 10.271 7.3 125.36 0.54 90.88 9.874 8663 877.34 
9.783 9.830 11.121 10.967 8.3 123.74 0.38 60.43 10.425 8593 824.20 
6.529 5.962 6.196 5.948 7.9 123.81 1.07 163.92 6.159 5475 889.06 
5.236 5.133 5.480 5.463 7.5 124.06 1.07 167.27 5.328 5422 1017.64 
6.964 6.901 7.263 6.457 8.0 127.72 1.01 150.68 6.896 5728 830.56 
6.405 6.148 6.850 6.822 7.4 124.49 1.07 150.27 6.556 5693 868.30 
6.356 6.480 6.366 6.146 7.5 125.21 0.67 93.53 6.337 5433 857.27 
3.968 4.075 4.090 4.165 7.8 123.50 2.07 294.33 4.075 3078 755.37 
3.941 3.949 3.828 3.825 7.5 123.81 2.06 305.91 3.886 2964 762.83 
4.320 4.136 4.496 4.451 7.6 128.52 2.05 285.07 4.351 3167 727.81 
3.874 3.812 4.369 4.027 7.5 124.87 2.01 267.26 4.021 3142 781.38 
3.969 3.614 4.561 4.254 7.5 123.90 2.04 268.57 4.100 3416 833.24 
3.107 3.116 3.194 3.163 7.7 125.61 3.04 423.45 3.145 2139 680.15 
2.886 3.055 3.168 3.078 7.6 124.79 3.11 448.84 3.047 2071 679.59 
3.282 3.058 3.164 2.921 7.7 128.16 3.01 405.25 3.106 2210 711.44 
3.169 2.990 3.183 3.028 7.5 125.17 2.98 389.37 3.093 2330 753.29 
2.999 3.038 2.937 2.792 7.5 124.29 2.74 352.76 2.942 2374 806.92 
2.077 2.004 1.970 2.116 8.0 124.81 5.04 687.35 2.042 1351 661.66 
* * * * * * * * * * * 
0.286 0.844 2.155 2.005 7.6 127.62 4.97 658.16 1.323 1389 1050.19 
2.023 1.930 1.757 1.965 7.5 125.47 5.02 641.33 1.919 1431 745.60 
1.615 1.695 1.917 2.856 7.5 124.82 4.56 574.76 2.021 1458 721.39 
1.460 1.483 1.715 1.491 7.9 124.94 6.94 937.34 1.537 964 626.92 
1.599 1.716 1.517 1.478 7.6 126.48 7.00 984.52 1.578 921 583.96 
1.565 1.643 1.675 1.510 7.4 128.13 7.03 918.02 1.598 983 615.34 
1.634 1.678 1.693 1.385 7.5 125.68 6.98 887.71 1.598 1035 647.63 
1.450 1.083 1.449 1.182 7.4 125.91 6.81 850.02 1.291 1046 810.18 
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Table A.7: Batch test result for the crumb rubber size 30-40 mesh 
Initial Measurements Sorption Measurements 
EB Conc., mg/L 
pH 
Rubber 
Mass, g 
Solution 
Mass, g 
EB Conc., mg/L 
pH Vial 
1.1 
Vial 
1.2 
Vial 
2.1 
Vial 
2.2 
Vial 
1.1 
Vial 
1.2 
Vial 
2.1 
Vial 
2.2 
63.023 65.005 72.539 71.070 7.7 0.51 123.67 19.212 18.907 20.206 20.462 8.3 
70.715 70.528 63.998 64.740 7.0 0.510 124.76 19.198 19.702 22.207 21.977 8.6 
59.432 58.704 12.935 22.351 8.1 0.530 123.85 17.596 17.809 19.584 18.427 8.0 
75.799 69.348 75.772 68.571 8.0 0.54 125.75 22.062 21.344 19.931 19.873 8.0 
65.136 67.017 73.702 73.702 8.4 0.58 124.38 17.463 18.223 19.951 18.215 7.8 
63.145 62.86 53.712 55.009 7.2 0.54 125.45 19.855 19.092 21.711 21.965 7.3 
63.023 65.005 72.539 71.070 7.7 1.00 125.09 12.335 12.270 13.174 13.371 8.5 
70.715 70.528 63.998 64.740 7.0 1.02 125.26 10.322 11.426 12.259 12.324 7.8 
59.432 58.704 12.935 22.351 8.1 1.06 125.74 12.503 12.505 4.440 11.825 8.1 
75.799 69.348 75.772 68.571 8.0 1.03 125.20 13.157 12.631 11.938 12.072 7.6 
65.136 67.017 73.702 73.702 8.4 1.03 125.30 12.872 12.798 13.770 12.764 7.7 
63.145 62.86 53.712 55.009 7.2 1.07 124.42 12.735 12.766 13.828 14.254 7.7 
63.023 65.005 72.539 71.070 7.7 2.01 125.43 6.834 6.631 7.968 7.113 8.2 
70.715 70.528 63.998 64.740 7.0 2.00 124.51 6.834 6.609 6.726 6.430 8.1 
59.432 58.704 12.935 22.351 8.1 2.07 123.79 6.873 6.662 0.969 6.558 8.1 
75.799 69.348 75.772 68.571 8.0 2.07 123.76 7.723 7.611 7.557 7.225 7.7 
65.136 67.017 73.702 73.702 8.4 2.04 123.77 6.904 6.560 6.256 6.237 7.8 
63.145 62.86 53.712 55.009 7.2 2.02 124.31 7.19 8.423 7.578 7.363 7.5 
63.023 65.005 72.539 71.070 7.7 3.00 124.53 4.440 4.303 4.628 4.618 8.2 
70.715 70.528 63.998 64.740 7.0 3.01 123.94 4.329 4.262 4.630 4.366 8.0 
59.432 58.704 12.935 22.351 8.1 3.01 124.13 4.916 5.028 4.673 4.496 8.0 
75.799 69.348 75.772 68.571 8.0 3.02 123.17 3.890 4.749 4.942 * 7.6 
65.136 67.017 73.702 73.702 8.4 3.03 124.52 4.730 4.502 4.987 5.202 7.9 
63.145 62.86 53.712 55.009 7.2 3.01 124.53 3.842 4.806 4.043 4.437 7.5 
63.023 65.005 72.539 71.070 7.7 5.02 125.21 2.694 2.699 2.818 2.927 8.0 
70.715 70.528 63.998 64.740 7.0 5.00 124.09 2.874 2.661 3.081 3.063 8.1 
59.432 58.704 12.935 22.351 8.1 5.05 123.82 2.897 2.610 2.940 2.935 8.0 
75.799 69.348 75.772 68.571 8.0 5.02 123.04 3.119 3.210 3.090 3.420 7.8 
65.136 67.017 73.702 73.702 8.4 5.05 124.85 2.793 2.808 3.191 2.808 7.9 
63.145 62.86 53.712 55.009 7.2 5.08 124.31 2.734 2.121 2.226 2.055 7.3 
63.023 65.005 72.539 71.070 7.7 7.01 125.21 1.702 2.077 2.302 1.951 7.1 
70.715 70.528 63.998 64.740 7.0 7.01 123.54 2.234 1.928 2.294 1.703 7.9 
59.432 58.704 12.935 22.351 8.1 7.03 124.37 2.125 2.051 0.880 2.114 7.9 
75.799 69.348 75.772 68.571 8.0 7.05 123.47 2.373 2.303 2.154 2.421 7.8 
65.136 67.017 73.702 73.702 8.4 7.05 123.22 1.644 1.325 1.797 1.781 7.6 
63.145 62.86 53.712 55.009 7.2 7.06 124.17 1.425 1.943 1.675 1.379 7.7 
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Table A.8: Sorption results for the crumb rubber size 30-40 mesh 
CR/EB Ci (mg/L) Ce (mg/L) q (mg/kg) kd (L/kg) 
54.03 75.51 17.75 13992 788.15 
72.05 56.63 18.00 9392 521.72 
76.06 56.80 15.38 9562 621.55 
57.18 71.35 19.36 12602 650.94 
64.17 72.31 16.59 11917 718.23 
54.62 83.49 16.64 14571 875.65 
107.01 75.51 10.40 8010 770.46 
141.28 56.63 9.81 5868 598.43 
150.72 56.80 9.49 5519 581.79 
117.09 69.01 10.46 7211 689.35 
117.28 72.31 9.72 7326 753.59 
102.53 83.49 11.61 8363 720.37 
211.90 75.51 5.73 4258 743.63 
283.96 56.63 5.73 3100 540.92 
429.61 56.80 5.10 2043 400.41 
241.13 69.01 5.67 3726 657.05 
223.49 72.31 5.39 4068 754.78 
194.52 83.49 5.73 4734 826.49 
318.91 75.51 4.07 2887 708.75 
423.83 56.63 3.80 2150 565.93 
429.61 56.80 3.98 2117 532.42 
350.11 69.01 4.05 2616 645.80 
336.34 72.31 3.64 2735 750.43 
290.34 83.49 4.19 3177 759.09 
529.75 75.51 2.15 1733 804.92 
706.38 56.63 2.51 1293 514.99 
704.28 56.80 2.42 1292 532.79 
587.76 69.01 2.47 1579 638.38 
556.51 72.31 2.21 1678 759.93 
487.74 83.49 2.46 1886 767.86 
741.65 75.51 1.82 1240 680.14 
988.93 56.63 1.87 923 492.48 
987.40 56.80 1.76 932 528.97 
818.46 69.01 1.86 1115 598.49 
784.42 72.31 1.77 1161 655.80 
671.72 83.49 1.77 1380 778.82 
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Table A.9: Desorption results for the crumb rubber size 30-40 mesh 
Desorption Measurements 
CR/EB 
Ce 
(mg/L) 
q 
(mg/kg) 
kd 
(L/kg) 
EB Conc., mg/L 
pH 
Water 
Mass, g 
Mass 
(dry), g Vial 
1.1 
Vial 
1.2 
Vial 
2.1 
Vial 
2.2 
10.291 11.943 10.866 * 7.5 125.88 0.49 52.64 11.82 10087 853.21 
4.773 5.041 5.087 5.026 7.4 125.77 0.38 62.14 13.10 3968 302.94 
10.011 10.195 10.982 11.194 7.4 125.38 0.18 67.61 11.31 5536 489.40 
14.113 14.099 15.780 14.218 8.3 125.98 0.41 36.93 11.41 6705 587.82 
10.794 * 11.819 * 8.2 123.96 0.34 73.23 10.88 9269 852.10 
10.511 11.557 10.926 11.547 8.6 124.24 0.45 47.87 13.13 10519 801.06 
7.002 7.052 7.408 * 7.8 123.59 0.71 82.32 8.16 6490 795.50 
7.848 7.383 8.665 8.746 7.4 125.36 0.81 121.31 8.11 4442 547.52 
8.525 8.455 8.999 9.133 7.7 124.85 0.64 175.86 6.75 4712 697.65 
9.957 9.858 11.308 10.943 8.3 126.23 0.90 124.34 7.97 6124 768.51 
8.764 * 9.462 * 8.1 125.39 0.71 143.16 7.81 6461 827.46 
8.766 8.392 8.721 9.15 8.0 125.75 0.89 115.75 8.90 7310 821.25 
5.588 5.693 6.006 5.758 8.0 124.27 1.56 233.87 5.04 3954 783.98 
5.610 5.631 5.967 6.087 7.8 124.95 1.52 253.07 5.18 2704 522.29 
5.478 5.665 5.762 5.775 7.8 123.92 1.68 314.16 4.35 1780 409.38 
6.149 6.320 5.981 7.049 8.4 126.15 1.76 239.99 4.95 3406 687.99 
5.223 * 5.802 * 8.7 124.86 1.86 212.80 4.78 3737 781.14 
6.182 6.653 6.93 7.337 7.9 125.38 1.83 205.76 6.39 4340 678.88 
4.156 3.923 4.008 4.041 8.1 125.48 2.55 306.86 3.79 2716 716.19 
3.825 3.824 3.951 4.173 8.1 125.65 2.62 433.11 3.62 1995 551.57 
4.432 4.349 1.850 4.709 7.9 125.49 2.77 446.80 3.65 1966 538.98 
4.792 5.002 5.378 4.567 8.3 124.20 3.21 342.38 3.60 2458 682.91 
4.179 * 4.441 * 8.1 126.27 2.81 283.12 3.39 2565 755.81 
4.035 3.691 3.536 3.761 8.0 125.59 2.78 299.61 4.73 2983 630.24 
2.792 2.719 2.187 2.763 8.0 126.10 4.83 497.32 2.23 1674 752.09 
3.884 2.483 2.757 2.669 8.3 125.98 4.44 715.50 2.44 1232 505.72 
2.827 2.821 2.888 2.840 8.0 124.94 4.70 723.91 2.37 1234 521.02 
2.743 3.149 3.099 3.069 8.3 125.19 5.19 579.56 2.30 1522 662.29 
2.775 * 2.687 * 8.0 125.31 4.59 506.71 2.24 1617 723.42 
2.165 2.475 2.526 * 7.9 126.38 4.71 497.58 2.60 1824 702.05 
2.178 2.098 2.043 2.565 8.0 126.17 6.67 739.38 2.03 1205 594.06 
2.064 2.163 2.262 1.842 * 126.47 6.62 
1005.2
6 
1.89 890 470.08 
2.267 2.287 2.120 2.245 8.0 125.68 6.77 987.01 2.40 889 369.96 
1.721 2.252 1.782 2.539 8.2 126.20 6.77 810.19 1.69 1085 640.46 
1.864 * 2.214 * 7.9 125.74 6.35 757.62 1.77 1130 639.19 
1.607 1.333 1.715 * 7.7 125.52 6.8 672.58 2.29 1341 585.51 
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Table A.10: Batch test result for the crumb rubber size 60-80 mesh 
Initial Measurements Sorption Measurements 
EB Conc., mg/L 
pH 
Rubber 
Mass, g 
Solution 
Mass, g 
EB Conc., mg/L 
pH 
Vial 1.1 Vial 1.2 Vial 2.1 Vial 2.2 Vial 1.1 Vial 1.2 Vial 2.1 Vial 2.2 
63.023 65.005 72.539 71.070 7.6 0.51 123.67 19.212 18.907 20.206 20.462 8.4 
70.715 70.528 63.998 64.740 7.4 0.510 124.76 19.198 19.702 22.207 21.977 7.8 
59.432 58.704 12.935 22.351 7.3 0.530 123.85 17.596 17.809 19.584 18.427 8.5 
75.799 69.348 75.772 68.571 8.4 0.54 125.75 22.062 21.344 19.931 19.873 8.5 
65.136 67.017 73.702 73.702 7.3 0.58 124.38 17.463 18.223 19.951 18.215 8.9 
63.145 62.86 53.712 55.009 8.1 0.54 125.45 19.855 19.092 21.711 21.965 8.5 
63.023 65.005 72.539 71.070 7.6 1.00 125.09 12.335 12.270 13.174 13.371 8.0 
70.715 70.528 63.998 64.740 7.4 1.02 125.26 10.322 11.426 12.259 12.324 8.1 
59.432 58.704 12.935 22.351 7.3 1.06 125.74 12.503 12.505 4.440 11.825 8.5 
75.799 69.348 75.772 68.571 8.4 1.03 125.20 13.157 12.631 11.938 12.072 8.8 
65.136 67.017 73.702 73.702 7.3 1.03 125.30 12.872 12.798 13.770 12.764 8.4 
63.145 62.86 53.712 55.009 8.1 1.07 124.42 12.735 12.766 13.828 14.254 8.2 
63.023 65.005 72.539 71.070 7.6 2.01 125.43 6.834 6.631 7.968 7.113 8.1 
70.715 70.528 63.998 64.740 7.4 2.00 124.51 6.834 6.609 6.726 6.430 8.2 
59.432 58.704 12.935 22.351 7.3 2.07 123.79 6.873 6.662 0.969 6.558 8.3 
75.799 69.348 75.772 68.571 8.4 2.07 123.76 7.723 7.611 7.557 7.225 9.0 
65.136 67.017 73.702 73.702 7.3 2.04 123.77 6.904 6.560 6.256 6.237 8.3 
63.145 62.86 53.712 55.009 8.1 2.02 124.31 7.19 8.423 7.578 7.363 8.6 
63.023 65.005 72.539 71.070 7.6 3.00 124.53 4.440 4.303 4.628 4.618 8.3 
70.715 70.528 63.998 64.740 7.4 3.01 123.94 4.329 4.262 4.630 4.366 8.4 
59.432 58.704 12.935 22.351 7.3 3.01 124.13 4.916 5.028 4.673 4.496 8.4 
75.799 69.348 75.772 68.571 8.4 3.02 123.17 3.890 4.749 4.942 * 8.8 
65.136 67.017 73.702 73.702 7.3 3.03 124.52 4.730 4.502 4.987 5.202 8.2 
63.145 62.86 53.712 55.009 8.1 3.01 124.53 3.842 4.806 4.043 4.437 8.6 
63.023 65.005 72.539 71.070 7.6 5.02 125.21 2.694 2.699 2.818 2.927 8.3 
70.715 70.528 63.998 64.740 7.4 5.00 124.09 2.874 2.661 3.081 3.063 8.6 
59.432 58.704 12.935 22.351 7.3 5.05 123.82 2.897 2.610 2.940 2.935 8.4 
75.799 69.348 75.772 68.571 8.4 5.02 123.04 3.119 3.210 3.090 3.420 9.0 
65.136 67.017 73.702 73.702 7.3 5.05 124.85 2.793 2.808 3.191 2.808 7.9 
63.145 62.86 53.712 55.009 8.1 5.08 124.31 2.734 2.121 2.226 2.055 8.7 
63.023 65.005 72.539 71.070 7.6 7.01 125.21 1.702 2.077 2.302 1.951 8.6 
70.715 70.528 63.998 64.740 7.4 7.01 123.54 2.234 1.928 2.294 1.703 8.6 
59.432 58.704 12.935 22.351 7.3 7.03 124.37 2.125 2.051 0.880 2.114 9.0 
75.799 69.348 75.772 68.571 8.4 7.05 123.47 2.373 2.303 2.154 2.421 9.0 
65.136 67.017 73.702 73.702 7.3 7.05 123.22 1.644 1.325 1.797 1.781 8.1 
63.145 62.86 53.712 55.009 8.1 7.06 124.17 1.425 1.943 1.675 1.379 8.8 
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Table A.11: Sorption results for the crumb rubber size 60-80 mesh 
CR/EB Ci (mg/L) Ce (mg/L) q (mg/kg) kd (L/kg) 
60.08 67.91 19.70 11643 591.10 
60.45 67.50 20.77 11383 548.04 
71.78 59.07 18.35 9473 516.14 
59.69 72.37 20.80 11958 574.81 
66.39 69.89 18.46 10977 594.53 
73.62 58.68 20.66 8796 425.83 
117.80 67.91 12.79 6840 534.90 
120.90 67.50 11.58 6810 587.97 
143.56 59.07 10.32 5734 555.72 
113.86 72.37 12.45 7224 580.26 
117.90 69.89 13.05 6858 525.44 
145.87 58.68 13.40 5221 389.72 
236.79 67.91 7.14 3732 522.89 
237.05 67.50 6.65 3727 560.49 
280.35 59.07 5.27 3164 600.83 
228.82 72.37 7.53 3812 506.31 
233.51 69.89 6.49 3783 582.99 
275.38 58.68 7.64 3090 404.55 
353.41 67.91 4.50 2569 571.20 
356.77 67.50 4.40 2535 576.57 
407.67 59.07 4.78 2185 457.19 
333.83 72.37 4.53 2699 596.25 
346.83 69.89 4.86 2608 537.06 
410.35 58.68 4.28 2196 512.90 
591.38 67.91 2.78 1559 559.97 
592.63 67.50 2.92 1538 526.78 
683.96 59.07 2.85 1322 464.69 
554.91 72.37 3.21 1626 506.59 
578.06 69.89 2.90 1589 547.99 
692.55 58.68 2.28 1324 579.54 
825.81 67.91 2.01 1111 553.39 
830.87 67.50 2.04 1088 533.44 
952.12 59.07 1.79 956 533.34 
779.30 72.37 2.31 1157 500.24 
806.99 69.89 1.64 1125 687.13 
962.48 58.68 1.61 947 589.70 
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Table A.12: Desorption results for the crumb rubber size 60-80 mesh 
Desorption Measurements 
CR/EB 
Ce 
(mg/L) 
q 
(mg/kg) 
kd 
(L/kg) 
EB Conc., mg/L 
pH 
Water 
Mass, g 
Mass 
(dry), g Vial 1.1 Vial 1.2 Vial 2.1 Vial 2.2 
10.291 11.943 10.866 * 8.0 125.88 0.49 81.31 11.03 8819 799.34 
4.773 5.041 5.087 5.026 8.1 125.77 0.38 65.06 4.98 9739 1955.03 
10.011 10.195 10.982 11.194 8.1 125.38 0.18 35.37 10.60 2104 198.53 
14.113 14.099 15.780 14.218 7.7 125.98 0.41 63.60 14.55 7501 515.42 
10.794 * 11.819 * 8.0 123.96 0.34 52.89 11.31 6866 607.26 
10.511 11.557 10.926 11.547 8.3 124.24 0.45 94.67 11.14 5733 514.83 
7.002 7.052 7.408 * 7.8 123.59 0.71 103.04 7.15 5602 783.05 
7.848 7.383 8.665 8.746 7.9 125.36 0.81 115.90 8.16 5556 680.79 
8.525 8.455 8.999 9.133 8.1 124.85 0.64 105.03 8.78 4030 459.15 
9.957 9.858 11.308 10.943 8.0 126.23 0.90 120.15 10.52 5759 547.66 
8.764 * 9.462 * 7.7 125.39 0.71 99.93 9.11 5257 576.90 
8.766 8.392 8.721 9.15 8.5 125.75 0.89 157.22 8.76 3992 455.85 
5.588 5.693 6.006 5.758 8.0 124.27 1.56 205.36 5.76 3278 569.05 
5.610 5.631 5.967 6.087 7.9 124.95 1.52 199.85 5.82 3254 558.78 
5.478 5.665 5.762 5.775 8.1 123.92 1.68 249.80 5.67 2751 485.21 
6.149 6.320 5.981 7.049 8.1 126.15 1.76 217.14 6.37 3361 527.31 
5.223 * 5.802 * 7.9 124.86 1.86 234.70 5.51 3419 620.16 
6.182 6.653 6.93 7.337 8.0 125.38 1.83 286.82 6.78 2633 388.56 
4.156 3.923 4.008 4.041 8.0 125.48 2.55 321.71 4.03 2374 588.90 
3.825 3.824 3.951 4.173 7.9 125.65 2.62 332.18 3.94 2350 595.93 
4.432 4.349 1.850 4.709 8.2 125.49 2.77 408.18 3.84 2015 525.34 
4.792 5.002 5.378 4.567 8.0 124.20 3.21 378.51 4.93 2513 509.29 
4.179 * 4.441 * 7.9 126.27 2.81 345.67 4.31 2418 561.07 
4.035 3.691 3.536 3.761 7.9 125.59 2.78 408.83 3.76 2030 540.59 
2.792 2.719 2.187 2.763 8.0 126.10 4.83 593.32 2.62 1494 571.10 
3.884 2.483 2.757 2.669 8.0 125.98 4.44 550.05 2.95 1457 494.31 
2.827 2.821 2.888 2.840 8.2 124.94 4.70 668.77 2.84 1250 439.36 
2.743 3.149 3.099 3.069 8.2 125.19 5.19 600.32 3.02 1556 516.19 
2.775 * 2.687 * 8.0 125.31 4.59 548.15 2.73 1517 555.60 
2.165 2.475 2.526 * 8.0 126.38 4.71 668.11 2.39 1262 528.32 
2.178 2.098 2.043 2.565 8.0 126.17 6.67 809.70 2.22 1071 482.40 
2.064 2.163 2.262 1.842 8.1 126.47 6.62 809.10 2.08 1050 504.33 
2.267 2.287 2.120 2.245 8.1 125.68 6.77 945.61 2.23 917 411.19 
1.721 2.252 1.782 2.539 8.1 126.20 6.77 773.05 2.07 1120 540.32 
1.864 * 2.214 * 7.8 125.74 6.35 744.30 2.04 1086 532.78 
1.607 1.333 1.715 * 8.1 125.52 6.8 953.12 1.55 920 592.70 
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Appendix B 
Table B.1: Batch test for the validation data 
CR 
Initial Measurements Sorption Measurements 
EB Conc., mg/L 
pH 
Rub
ber 
Mass
, g 
Solution 
Mass, g 
EB Conc., mg/L 
pH 
Vial 
1.1 
Vial 
1.2 
Vial 
2.1 
Vial 
2.2 
Vial 
1.1 
Vial 
1.2 
Vial 
2.1 
Vial 
2.2 
Ambi 
20-30 
19.68
6 
19.5
58 
17.2
93 
17.3
61 
7.8 1.12 124.9 4.136 3.857 5.299 5.640 7.5 
19.68
6 
19.5
58 
17.2
93 
17.3
61 
7.8 1.12 125.3 2.636 3.300 3.668 3.025 7.8 
19.68
6 
19.5
58 
17.2
93 
17.3
61 
7.8 1.13 124.0 3.156 3.449 4.251 3.719 7.7 
19.68
6 
19.5
58 
17.2
93 
17.3
61 
7.8 1.14 124.6 3.343 2.805 3.161 3.739 7.8 
19.68
6 
19.5
58 
17.2
93 
17.3
61 
7.8 1.14 125.0 3.203 3.451 3.188 3.390 7.7 
Ambi 
20-30 
68.93
1 
67.0
69 
59.5
42 
58.3
34 
7.3 1.26 122.3 6.410 5.752 6.627 7.285 8.0 
68.93
1 
67.0
69 
59.5
42 
58.3
34 
7.3 1.22 125.1 6.127 6.660 6.229 6.585 7.4 
68.93
1 
67.0
69 
59.5
42 
58.3
34 
7.3 1.25 124.9 6.523 6.308 2.012 6.112 7.5 
68.93
1 
67.0
69 
59.5
42 
58.3
34 
7.3 1.25 124.0 6.241 6.435 6.005 6.106 7.7 
68.93
1 
67.0
69 
59.5
42 
58.3
34 
7.3 1.23 123.5 6.106 6.128 6.120 6.342 7.7 
Ambi 
-30 
133.9
70 
136.
801 
115.
498 
117.
922 
7.6 0.68 122.4 18.836 21.95
5 
21.00
2 
22.93
1 
7.1 
133.9
70 
136.
801 
115.
498 
117.
922 
7.6 0.66 123.4 18.562 17.85
0 
20.44
4 
24.08
5 
7.6 
133.9
70 
136.
801 
115.
498 
117.
922 
7.6 0.63 123.5 20.501 23.67
2 
19.25
4 
22.01
6 
7.6 
133.9
70 
136.
801 
115.
498 
117.
922 
7.6 0.67 122.8 19.822 21.90
1 
22.00
8 
22.65
6 
7.5 
133.9
70 
136.
801 
115.
498 
117.
922 
7.6 0.64 123.5 20.691 20.09
1 
22.94
4 
23.83
1 
7.7 
Ambi    
-30 
28.20
8 
27.1
33 
24.9
77 
24.2
43 
7.3 0.57 128.3 9.113 8.823 13.12
5 
12.26
0 
8.0 
28.20
8 
27.1
33 
24.9
77 
24.2
43 
7.3 0.58 124.8 7.577 6.694 7.413 8.426 7.4 
28.20
8 
27.1
33 
24.9
77 
24.2
43 
7.3 0.56 124.8 7.812 7.149 7.666 8.214 7.3 
28.20
8 
27.1
33 
24.9
77 
24.2
43 
7.3 0.54 125.0 7.691 8.102 8.041 9.052 7.1 
28.20
8 
27.1
33 
24.9
77 
24.2
43 
7.3 0.54 124.5 7.497 7.300 7.048 7.014 7.3 
Cryog 
30-40 
79.04
0 
88.9
07 
86.7
48 
75.6
24 
7.3 4.01 123.2 3.496 3.680 4.336 5.012 7.5 
79.04
0 
88.9
07 
86.7
48 
75.6
24 
7.3 4.07 123.7 5.393 4.631 3.621 3.757 7.6 
79.04
0 
88.9
07 
86.7
48 
75.6
24 
7.3 4.07 123.3 3.912 3.645 4.508 4.305 7.5 
79.04
0 
88.9
07 
86.7
48 
75.6
24 
7.3 4.01 122.8 4.054 3.856 5.062 4.932 7.4 
79.04
0 
88.9
07 
86.7
48 
75.6
24 
7.3 4.00 123.7 3.759 3.793 4.156 4.582 7.9 
Cryog 
30-40 
46.11
9 
50.5
89 
42.5
38 
46.3
57 
7.2 0.57 123.7 16.896 15.93
1 
17.79
2 
19.25
1 
7.9 
46.11
9 
50.5
89 
42.5
38 
46.3
57 
7.2 0.58 124.2 15.932 15.88
2 
16.62
8 
17.75
5 
7.9 
46.11
9 
50.5
89 
42.5
38 
46.3
57 
7.2 0.56 124.7 16.436 16.68
4 
14.68
4 
15.71
2 
7.8 
46.11
9 
50.5
89 
42.5
38 
46.3
57 
7.2 0.54 125.1 17.417 16.54
6 
15.41
9 
17.37
3 
7.7 
46.11
9 
50.5
89 
42.5
38 
46.3
57 
7.2 0.54 124.8 18.642 18.35
9 
16.11
8 
1.648 7.7 
Ambi  
8-14 
96.78
3 
94.6
51 
94.6
51 
85.0
87 
6.9 0.86 123.5 22.529 23.44
2 
27.22
9 
25.93
5 
7.2 
96.78
3 
94.6
51 
94.6
51 
85.0
87 
6.9 0.83 124.9 * * * * 7.4 
96.78
3 
94.6
51 
94.6
51 
85.0
87 
6.9 0.83 124.8 26.390 25.62
9 
28.25
8 
27.09
4 
7.3 
96.78
3 
94.6
51 
94.6
51 
85.0
87 
6.9 0.87 123.7 21.570 23.31
5 
26.42
8 
25.15
3 
7.3 
96.78
3 
94.6
51 
94.6
51 
85.0
87 
6.9 0.86 124.6 23.365 23.72
6 
27.13
7 
27.07
3 
7.3 
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Table B.2: Sorption results for the validation data. Ci and Ce are in (mg/L) 
CR CR/EB Ci Ce q (mg/kg) kd (L/kg) Predicted q Predicted Ce 
Ambi 
20-30 
484.99 18.47 4.73 1532.42 323.77 1865.47 3.03 
484.99 18.47 3.16 1713.62 542.76 1865.47 3.03 
489.32 18.47 3.64 1627.31 446.60 1850.31 3.01 
493.65 18.47 3.26 1663.23 509.88 1835.40 2.98 
493.65 18.47 3.31 1662.33 502.52 1835.40 2.98 
Ambi 
20-30 
158.82 63.47 6.52 5525.55 847.67 5198.38 8.13 
153.78 63.47 6.40 5853.29 914.54 5354.64 8.36 
157.56 63.47 5.24 5818.83 1110.73 5236.55 8.18 
157.56 63.47 6.20 5680.95 916.76 5236.55 8.18 
155.04 63.47 6.17 5751.39 931.55 5314.66 8.30 
  Ambi 
-30 
43.16 126.05 21.18 18876.02 891.18 17191.14 25.71 
41.89 126.05 20.24 19778.92 977.45 17668.78 26.40 
39.98 126.05 21.36 20523.64 960.81 18439.68 27.51 
42.52 126.05 21.60 19145.71 886.51 17426.54 26.05 
40.62 126.05 21.89 20091.20 917.86 18175.01 27.13 
Ambi    
-30 
174.44 26.14 10.83 3445.82 318.17 4769.29 7.48 
177.50 26.14 7.53 4005.91 532.17 4693.75 7.37 
171.38 26.14 7.71 4106.93 532.66 4847.42 7.60 
165.26 26.14 8.22 4146.86 504.39 5011.98 7.85 
165.26 26.14 7.21 4364.43 604.93 5011.98 7.85 
Cryog 
30-40 
388.47 82.58 4.13 2409.61 583.30 2286.97 3.69 
394.29 82.58 4.35 2377.82 546.56 2256.00 3.64 
394.29 82.58 4.09 2377.18 580.86 2256.00 3.64 
388.47 82.58 4.48 2392.39 534.49 2286.97 3.69 
387.50 82.58 4.07 2427.44 596.06 2292.22 3.69 
Cryog 
30-40 
98.27 46.40 17.47 6276.48 359.32 8076.69 12.42 
100.00 46.40 16.55 6393.88 386.35 7948.77 12.23 
96.55 46.40 15.88 6794.36 427.88 8209.00 12.62 
93.10 46.40 16.69 6882.73 412.42 8487.68 13.03 
93.10 46.40 17.71 6631.07 374.50 8487.68 13.03 
Ambi 
8-14 
74.14 92.79 24.78 9768.03 394.13 10460.83 15.94 
71.56 92.79 *  *  390.00 10807.42 16.44 
71.56 92.79 26.84 9919.55 369.54 10807.42 16.44 
75.01 92.79 24.12 9760.75 404.73 10350.40 15.77 
74.14 92.79 25.33 9771.84 385.85 10460.83 15.94 
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